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'In the romantic hunt for diamonds, for the rich pot-
holes and jewel patches in which they sometimes collect, 
many men have been inclined to lose sight of the strange 
storehouses from which they have come. That is to say, 
most men have. On the other hand, some have not.' 
Hedley Chilvers in 'The Seven Lost Trails of Africa' (1930) 
Dedicated to H.S. Richter who discovered the 
Klipfontein, Makganyene, Bellsbank and Finsch 
kimberlites, amongst many others. 
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Several physical characteristics, the carbon isotopic compositions, inclusion mineralogy, 
and distribution of the Dokolwayo diamonds were investigated. A representative suite of 
concentrate garnet megacrysts and macrocrysts were analyzed for their compositions. 
Concentrate macrocryst spinels and silicate inclusions recovered from these spinels were 
analyzed. 
The physical characteristics of the diamonds investigated were mass, size, morphology and 
colour. The relationship between mass and size in a population of diamonds recovered 
from a single hypabyssal intrusion and the general production as a whole, was found to be 
statistically the same. The most recognizable morphology is the dodecahedron. Octahedra 
decrease in significance with a decrease in size. Colourless stones predominate. Brown 
stones are more common than yellow stones, which is uncommon in primary southern 
Africa diamond populations. Diamonds characterized by "Tanganyika naats" have hitherto 
not been described from southern Africa. The relationship between the various physical 
characteristics investigated indicate that the general Dokolwayo diamond population 
consists of at least four sub-populations. ~ 
The primary mineral inclusions recovered from the Dokolyvayo diamonds fall 
predominantly into the peridotitic and eclogitic suites recognized world wide. The 
peridotitic suite predominates. Several inclusions of unknown paragenesis were recovered. 
Spinels are the most common peridotitic inclusions and may have less than 60 wt% CQ03. 
Spinel inclusions exposed on the surface of diamonds tend to contain more CQ03 than 
unexposed spinels recovered from the same diamond. The most common eclogitic 
inclusion is garnet and at least three different populations are recognised. _ Clinopyroxene 
was not found to co-exist with eclogitic garnet. The first occurrence of staurolite as a 
diamond inclusion is reported and this staurolite is therefore a stable phase in the mantle to 
at least 45 kilobars pressure. The presence of staurolite in diamond infers a metamorphic 
origin for that diamond. Calculated equilibrium pressures and temperatures are consistent 
with a subsolidus origin for the peridotitic diamonds. 
The carbon isotopes of 88 diamonds were analyzed using standard methods. The majority 
of the diamonds range between ol3c -1 and -10°/00. The peridotitic diamonds are slightly 
enriched compared to the eclogitic diamonds. No distinct relationship exists between the 
composition of eclogitic diamond inclusions and the isotopic compositions of the host 
diamonds. A negative relationship exists between Cf203 in spinels in peridotitic diamonds 
and carbon isotopic compositions. The source of the carbon from which the majority of the 
eclogitic and peridotitic diamonds crystallized is considered to be CH4. The source of the 
vapour is suggested to be CH4 def~ssing on a continuous basis from the core or lower 
mantle. Significant zonation of 5 C values from a single diamond suggests Rayleigh 
fractionation of a subducted carbonaceous source. Fractionation of carbon isotopes from a 
cubic and a single crystal diamond with a polycrystalline coat appears to be limited. 
Approximately 55% of the Dokolwayo kimberlite concentrate is garnet. A representative 
suite of concentrate garnets was analyzed and the majority of these garnets are Cr-poor. 
The presence of granulite facies rocks at depth is suggested by compositions of crustal 
garnets. Eclogitic garnets were more magnesian and less sodic than eclogitic diamond 
inclusion garnets, suggesting a shallower, more refractory source for the concentrate 
garnets. Both megacryst and macrocryst garnets w~re identified to belong to the Cr-poor 
megacryst suite which is common in Group I kimberlites. The megacryst garnets have 
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> 0. 7 wt% Na20 suggesting a high pressure source. Prior to this study such garnets had 
not been reported from Group II kimberlites. Garnets similar in composition to garnets 
from high-temperature deformed peridotites were also identified. Approximately 5% of the 
Dokolwayo concentrate consists of subcalcic GlO garnets, which is consistent with the 
presence of diamonds. 
Approximately 45% of the concentrate from the Dokolwayo kimberlite is spinel. More 
·than 80% of the spinels (n=288) have Cr203 > 60 wt%. Approximately 10% of the 
spinels are deficient in divalent cations and are stoichiometrically F~03-free. These 
spinels are suggested to have a significant content of divalent chromium, i.e. CrO. Two 
main populations are recognized. One population has Ti~ < 0.6 wt% and Ti02/Al203 
< 0.2 whereas the second population is Ti~-rich (generally > 0.6 wt%) and has 
Ti~/ Al203 > 0.2. The· Ti02-poor population is similar in composition to the diamond 
inclusion population. The Ti~-rich population may be an early cumulate phase of 
komatiite melts. 
The behaviour of the Cr\(Cr+ AI) ratio of chromium spinels with respect to mantle 
pressures and temperatures has been investigated utilizing spinels from spinel-garnet 
peridotites derived from the southern African lithosphere. 
Chromium spinels and garnets coexist in the mantle to at least 50 khars pressure, which is 
significantly in excess of the CMAS predicted limit of 18 kbar. The Cr/(Cr+ AI) ratio of 
chromium spinels increases with increasing pressure in the mantle. At pressures in excess 
of 40 kbars the Cr/(Cr+ AI) ratio of spinels may be restricted by stoichiometric constraints. 
A limited study of the concentrate spinels from kimberlites indicate that economically 
diamondiferous kimberlites are characterized by spinel compositions in which the average 
Cr/(Cr+Al) > 0.8. Concentrate spinels from kimberlites characterized by a paucity of 
diamonds have an average Cr/(Cr+Al) < 0.8. 
Oxygen fugacities were calculated for olivine-spinel±orthopyroxene assemblages recovered 
from diamonds and the concentrate of the Dokolwayo kimberlite. In addition, 
· thermobarometric oxygen fugacities were obtained for chromium spinel-garnet peridotites 
and diamonds from several other southern African kimberlites. The southern African 
lithosphere appears to be laterally homogeneous with respect to oxygen fugacity. 
Vertically the oxygen fugacity of the lithospheric upper mantle decreases with an increase 
in pressure. Locally, oxygen fugacities calculated for Dokolwayo mineral assemblages are 
indicative of an upper mantle characterized by diverse redox conditions which may vary by 
> 4 log units. The reduced nature of the Kaapvaal lithosphere at depth (j02 < QFM) 
suggests that Fe2+ /Fe3+ equilibria do not provide effective f02 buffering. It is 
suggested that an open-system buffering through pervasive C-H-0 degassing prevails. 
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CHAPTER 1 - INTRODUCTION 
INTRODUCTION 
The Dokolwayo kimberlite diatreme, K1, was discovered in 1976 and first described by 
Hawthorne et al. (1979). The kimberlite is located in the northeastern sector of the 
Hhohho district, Kingdom of Swaziland. It is an "on-craton" kimberlite situated close to 
the inferred present day northeastern margin of the Kaapvaal Craton. The diatreme, now 
deeply eroded, intruded the -3000 My Mliba granodiorite pluton. The kimberlite contains 
abundant basement xenoliths as well as sandstone, siltstone and coal correlated with the 
much younger Beaufort Group sediments of the Karoo rocks which were present at the time 
of emplacement. The isotopic character of the kimberlite indicates -that it is a Group II 
kimberlite (Smith 1983). It has the preferred emplacement age of 200±5 My (Allsopp and 
Roddick, 1984), making it the oldest Group II kimberlite known in southern Africa. 
Unlike the majority of kimberlites in southern Africa it predates the Stormsberg volcanism 
which in the vicinity of Dokolwayo is associated with the Lebombo monocline. The 
emplacement age of the Stormsberg volcanics is not well established, but the best estimates 
are 193±5 My (Manton, 1968; Fitch and Miller, 1984). 
The diatreme is diamondiferous and present mining operations have to date exposed at least 
eleven intrusive phases within the diatreme. Their inter-relationships are not clear since the 
near surface material is highly weathered and difficult to study in detail. Two major 
components are: hypabyssal porphyritic kimberlite which occupies about 35% of the 
diatreme and is generally confined to the margins, and a central core of younger tuffisitic 
kimberlite breccia. 
The kimberlite is geographically well separated from other established kimberlite mines and 
affords the opportunity for investigating pre-Stormsberg mantle processes and 
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physiochemical conditions of the upper mantle on the northeastern margin of the Kaapvaal 
Craton. 
Upper mantle physiochemical conditions are best evaluated with the use of diamonds, their 
mineral inclusions and associated concentrate minerals. The detailed study of the 
compositions of diamond inclusions made a quantum leap in the late 1960's when it became 
possible to analyze them with electron microprobes. The significance of diamond 
inclusions is that they provide information on the chemical and physical conditions of the 
Earth's upper mantle at pressures in excess of 45 kilobars. A study of diamond inclusions 
from a single locality provides insight into the complexity of the upper mantle en a local 
basis. Combining information from several localities within a craton provides the 
opportunity to evaluate the development of the upper mantle within the diamond stability 
field on a regional cratonic scale. 
A diamond inclusion study would be best augmented by a comprehensive study of a mantle 
derived xenolith suite for a detailed reconstruction of the upper mantle. In the absence of 
xenoliths a study of the compositions of xenocryst concentrate minerals derived from the 
disaggregation of xenoliths will suffice, albeit with limitations. 
This study reports a number of physical properties, the inclusion compositions and carbon 
isotopic compositions of the diamond population from the Dokolwayo kimberlite. Due to 
the high degree of weathering in the kimberlite, no concentrate olivines or orthopyroxenes 
were recovered in the upper regions of the kimberlite. A very small number of 
clinopyroxenes were recovered, but these are not sufficient in number to report without 
statistical bias. An insignificant number of xenoliths were recovered over a period of three 
and a half years. However, a comprehensive suite of garnet megacrysts and macrocrysts 
and spinel macrocrysts were collected and analyzed. The lower size limit of macrocrysts 




Aims of the Study 
The results of this study of the physical characteristics of the diamonds, their carbon 
isotopic compositions, the compositions of their mineral inclusions and the associated 
concentrate garnets and spinels will be combined to evaluate 
- the relationship between mass, size, morphology and colour as well as the umque 
character of the diamond population; 
- the range of the mineral inclusions in the diamonds, ·their parageneses, abundances and 
compositional characteristics; 
- the range in carbon isotopic compositions and their relationship to diamond inclusion 
compositions and parageneses; 
- the diversity in compositions of garnet megacrysts and macrocrysts and possible source 
rocks for the garnet xenocrysts; 
- the diversity in compositions of the concentrate spinel macrocrysts, their inclusions and 
possible paragenesis; 
- the relationship between mantle pressure and composition of mantle-derived spinels; 
-the oxygen fugacity conditions of the lithosphere beneath the Kaapvaal Craton. 
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CHAPTER 2 - ANALYTICAL TECHNIQUES 
1) Mineral Analysis 
Major element mineral analyses were obtained on a Cameca Camebax microprobe at the 
University of Cape Town. The instrumental conditions were as follows: 
Beam Current: 40nA 
Accelerating Voltage: 15kV 
Beam Size: 5 microns 
Counting Time: 10 seconds 
Counting Time Na, Ni: 10- 60 seconds 
Analyzing Crystals: TLAP for Na, Mg, Si, AI 
LIF 200 for Fe, Mn, Ni 
PET for Ca, K, Ti, Cr 
Standards Garnet Pyroxene Olivine Spinel 
Si K-P Diop M-Ol K-P 
Ti Rut Rut Rut Rut 
AI K-P K-P K-P Chro 
Cr Chro Chro Chro Cr-Oxide 
Fe K-P K-P M-Ol 11m 
Mn Rhod Rhod Rhod Rhod 
Mg K-P Diop M-Ol K-P 
Ca K-P Diop K-P K-P 
Ni NiSi NiSi NiSi 
Na K-H K-H 
K K-H 
Reduction of all data was performed on-line. Raw counts were corrected for dead time 
background, normal concentrations were calculated from standard K-factors. These 
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nominal concentrations were then corrected using ZAP correction factors (modified after 
Henoc et al., 1973). 
2) Carbon Isotopes 
Diamond fragments were picked from the crush remaining from inclusion recovery as well 
as fragments recovered from selected stones without inclusions. The diamond fragments 
were cleaned in HCl overnight and rinsed in distilled H20, checked for visible impurities 
and dried overnight at 100°C. The diamonds were weighed to the nearest .001 mg. The 
i 
diamond fragments were combusted in purified oxygen following similar procedures as 
described by Deines and Wickman (1973). Measured yields usually agreed within ± 2% 
of the calculated yield. The C02 produced was analyzed using a VG Micromass 602E 
mass spectrometer. Results are reported as o13C (relative to PDB) with a maximum 2a 
error (95% confidence limits) of 0.3 °/00 as determined from replicate analyses of an in-
house graphite standard. This error accounts for mass spectrometer precision as well as 
possible system errors derived during CD2 production and sampling handling. 
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CHAPTER 3 - GEOLOGICAL HISTORY 
3.1 INTRODUCTION 
A study of mantle-derived material in a kimberlite makes it possible to investigate certain 
aspects of the upper mantle of the Earth. It is, however, essential to place constraints on 
the mantle that is being investigated. While it may not be possible to account for processes 
such as possible mantle melting events that are not represented on surface, a study of the 
regional geology in the vicinity of a kimberlite may assist in determining important features 
of the mantle sampled by the kimberlite. The regional geology may, for example, indicate 
whether subduction could have taken place in the area or may reflect different mantle 
melting events that pre- or post-dated the emplacement of the kimberlite and hence will 
have important bearing on the mantle assemblages sampled by the kimberlite. The geology 
of Swaziland will be argued to have significant relevance to the mantle assemblages 
sampled by the Dokolwayo kimberlite. It is therefore considered expedient to briefly 
review a number of salient aspects of the geology of Swaziland. 
3.2 GEOLOGY OF SWAZILAND 
The western two thirds of ~the country are characterized by one of the best documented 
Archaean basement assemblages which record the evolutionary development of the 
Kaapvaal Province over a period of one billion years. These exposed Archaean rocks 
consist predominantly of granitic plutons, gneisses, volcano-sedimentary assemblages 
(Swaziland Supergroup, Pongola Supergroup) and granodiorites (Figure 3.1). It is not the 
intention of this study to discuss the Archaean development of Swaziland in detail. For a 
comprehensive summary of the Archaean rocks of Swaziland the reader is referred to 
Tankard et al. (1982). 
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The eastern third of Swaziland is covered by Karoo sediments and volcanics which rest 
unconformably on the Archaean basement rocks. There appears to be no major 
representation of any geological events between the early Proterozoic and the deposition of 
the Permo-Carboniferous Karoo glacial sediments in this area. 
3.3 Pre-DOKOLWAYO IGNEOUS IDSTORY of SWAZILAND 
The early geological history of Swaziland is characterized by numerous igneous events. A 
simplified stratigraphic succession for this period is presented in Table 3 .1. 
The primordial radiogenic Sr ratios of the siliceous gneisses of the Bimodal Gneiss Suite 
' (Barton et al., 1980) are indicative of a mantle source. Tankard et al. (1982) considered, 
on structural grounds, the Bimodal Gneiss suite to be the oldest unit of the Ancient Gneiss 
complex in Swaziland and concluded that no older sialic crust existed in Swaziland prior to 
the formation of the Bimodal Suite. 
The oldest ultramafic rocks in Swaziland are represented by the Onverwacht Group 
volcanics. The ages of the Onverwacht ultramafics and the siliceous Bimodal Suite 
gneisses (Table 3.1) indicate an approximate contemporaneity. However, the relationship 
between these rocks has not been clearly established. 
The Onverwacht volcanics have been widely interpreted to represent primordial oceanic 
basic and ultrabasic rocks (e.g. Herrman et al., 1976; De Wit and Stern, 1980). The total 
thickness of these volcanics has been subject to debate, and tectonic repetition may have 
been involved. Although the present stratigraphic thickness of the Onverwacht volcanics is 
about 15 km, De Wit and Stern (1980) have suggested an original thickness of only 2 km. 
Nevertheless, when the total volume of these mantle-derived volcanics is considered it is 
apparent that volumetrically a significant portion of the mantle below Swaziland and 
surrounding areas would have been affected by the melting events that resulted in the 
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extrusion of these volcanics. Precambrian basic to ultrabasic volcanics in Swaziland are 
not confined to the Onverwacht volcanics, such rocks have also been identified in the 
Nsuze volcanic sequence of the Pongola Supergroup, in the Ushuswana intrusive complex 
and as early Proterozoic diabase dikes and sills. However, volumetrically the OnverWacht 
volcanics are the most significant. 
Precambrian igneous activity in Swaziland culminated in the early Proterozoic. There is no 
evidence of any major igneous activity in Swaziland after the Proterozoic until the 
emplacement of the Dokolwayo kimberlite. 
'• 
3.4 ARCHAEAN TECTONICS 
The Onverwacht volcanics in the Archaean Barberton greenstone belt have been interpreted 
as part of a thick C 16 km) continuous mafic to ultramafic volcanic sequence (Viljoen and 
Viljoen, 1969). However, more recent work (De Wit and Tredoux, 1987) has revealed a 
complex intrusive - extrusive simatic complex overlying a high temperature 
tectonometamorphic base. The observed sequence of peridotitic tectonite zones, magma 
chambers and conduits, pillow lavas and sediments has led De Wit and Tredoux (1987) to 
classify the Onverwacht volcanics as an ophiolite sequence. In contrast to Phanerozoic 
ophiolites, the Barberton ophiolite sequence is suggested to be relatively thin and obduction 
may have been the most active tectonic process (De Wit et al., 1990). Continental nuclei 
in the region of Dokolwayo may thus have formed as a result of rapid regional intracratonic 
obduction, leading to stacking and subsidence of hydrated simatic thrust piles containing a 
large (25%) ultramafic component (Figure 3.2; De Wit et al., 1990). The subsiding thrust 
piles would have the effect of depressing depleted dunitic-harzburgitic residues to 
increasing depths forming tectospheric keels of metamorphosed peridotites and basalts with 
possible intercalated metasediments. 
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3.5 SUMMARY 
Both field evidence as well as radiogenic ages (Hawthorne et al., 1979; Allsopp and 
Roddick, 1984) indicate that the Dokolwayo kimberlites were emplaced prior to the 
commencement of Karoo volcanism. The apparent small age differential between the 
emplacement of these kimberlites and the commencement of Karoo volcanism suggests that 
the kimberlites sampled a mantle reflecting physical and chemical conditions immediately 
prior to the melting event that resulted in the extrusion of the Karoo volcanics. There is no 
available evidence that the mantle sampled by these kimberlites had undergone any major 
melting event for over 1.5 billion years prior to being sampled. Volumetric con~iderations 
suggest that the major melting event affec'ting the mantle prior to the emplacement of the 
kimberlites is related to the extrusion of the Archaean Onverwacht komatiites and basalts. 
Archaean tectonic considerations suggest that oceanic basalts may have been initially 
obducted and subsequently subsided to form part of the stable metamorphosed continental 
keel. The presence of eclogitic minerals and xenoliths in the Dokolwayo kimberlite would 
be consistent with the tectonic model presented for this region by De Wit et al. (1990). 
TABLE 3.1 
SIMPLIFIED PRE-KAROO STRATIGRAPHIC SUCCESSION OF 
SWAZILAND 
AGE Ma LITHOLOGY 
1800 - 2400 Diabase dykes and sills 
2175 ± 50 Mooihoek granitic pluton 
2286 ± 304 Mhlosheni Granite 
2417 ± 148 Hlatikulu Granite 
2244 ± 355 Nhlangano Gneiss 
2520 ± 422 Kweta Granite 
? Mahamba Gneiss 
? Mhlatuzane Gneiss ~-
2610 Sicunusa Pluton 
2687 ± 6 Mbabane Granite 
2734 ± 226 Sphene - Orthogneiss 
2802 ± 285 Sinceni Pluton 
2802 ± 56 Ngwempisi Pluton 
2876 ± 30 Usushwana Complex 
2940 ± 45- Mliba Granodiorite 
2950 Pongola Supergroup 
3028 Lochiel Batholith 
? Mponono Gabbroic Intrusives 
3320 Tsawela Gneiss 
3350 ± 57 Granodiorite Suite 
-3500 Dwalile Metamorphic Suite 
3540 ± 30 Onverwacht Group Volcanics 
3555 ± 111 Bimodal Gneiss Suite 
? Based on field relationships. 
Geochronolo~ data sources: Allsopp et al. (1962); Davies 
(1971); Dav1es and Allsopp (1976); Hamilton et al. (1979); 
Anhaeusser (1980); Barton et al. (1980, 1983, 1983b); Carlson 
et al. (1983); Hegner et al. (1984); Hunter and Wilson 
(1988); Layer et al., (1989). 
CHAPTER 3 - FIGURE CAPTIONS 
FIGURE 3.1 
A simplified geologic map of Swaziland after Barton et al. (1983). Black areas represent 
the greenstone succession of the Barberton greenstone belt and the Dwalile Metamorphic 
Suite. Horizontal stripes indicate the cover of the Karoo Supergroup. The stippled pattern 
indicates the rocks of the approximately 2 900 Ma old Pongola Supergroup and the 
Ushushwana Complex. MG = Mahamba Gneiss and MTG = Mhlatuzane Gneiss, both of 
uncertain age. Sampling localities for age dating are indicated by solid triangles, in most 
cases those of the labelled fields in which they occur. That associated with an "M" denotes 
the Mponono Igneous Suite while that associated with an "S" denotes the sphene-bearing 
orthogneiss. Vertical stripes denote units with Rb-Sr whole rock ages less than about 2 600 
~- . 
FIGURE 3.2 
Schematic model showing the formation of Archaean oceanic crust and proto-craton 
(granite-greenstone terrain and depleted ultramafic keel) with subducting basaltic slabs 
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CHAPTER 4- DOKOLWAYO DIAMONDS 
ABSTRACT 
A detailed study of the physical features of the Dokolwayo diamonds has shown that the 
diamond population as a whole consists of a number of complex sub-populations which 
have experienced different crystallization and post-crystallization histories. No significant 
difference was observed in the size-mass relationship between a population of diamonds 
recovered from a single intrusion in the diatreme and the general production of the 
kimberlite as a whole. Morphologically, dodecahedra are the most common re\:ognisable 
form. Colourless diamonds predominate. Large diamonds with "Tanganyika naats" are 
described from a southern African kimberlite for the first time. 'The Dokolwayo diamonds 
are distinguished from other southern African diamond populations (Harris et al., 1975, 
1979) in that brown diamonds predominate over yellow diamonds. This feature of the 
Dokolwayo diamonds, together with the "Tanganyika naats" suggest that this may be a 
unique population of diamonds. 
INTRODUCTION 
Detailed studies of the physical features of diamonds from southern African localities have 
been reported by Whitelock (1973), Harris et al. (1975,1979) and Robinson (1979). 
Various classification schemes based on morphology, colour, size and surface features have 
been used by these authors. Harris et al. (1975) found that diamonds from primary 
kimberlite sources exhibit distinct relationships with respect to crystal form versus diamond 
size. 
In this study several physical features of the Dokolwayo diamond population are described. 
A combination of classification schemes was used to examine a number of properties of the 
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Dokolwayo diamonds. Two groups of diamonds were examined. All the diamonds were 
from the general production of Dokolwayo. 
GROUP I 
The first group was a sample collected from run of mine production and was used to 
determine the relationship between diamond size and total mass of production. This sample 
was in excess of 13 800 carats, and was collected in such a way as to be considered 
representative of production in general. A sub-population of this sample was recovered 
from a single intrusive in the northern end of the diatreme referred to as the Green 
Micaceous kimberlite. This kimberlite is hypabyssal in character. The sub-population 
from this intrusive had a total mass of 437.43 carats. 
GROUP II 
A second group of 4880 diamonds was examined in terms of size, colour and shape. These 
diamonds were also collected from run of mine production. 
CLASSIFICATION SCHEME 
The first group of diamonds were sieved into several size ranges as described below. 
Diamonds in the second group were first sieved and then classified using a hybrid version 
of the classification schemes of Whitelock (1973) and Harris et al. (1975). 
Morphology 
The diamonds were classified into five basic groups of crystal form. The forms recognized 
were octahedron, dodecahedron, macle, polycrystalline and irregular. The dodecahedra 
included flattened dodecahedra tetrahedra and tetrahexahedroida. The criteria used by 
·, 
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Whitelock (1973) for distinction between octahedra and dodecahedra were adopted in this 
study. Macles were limited to the flattened octahedral twin on { 111} . Pol ycrystalline 
diamonds were defined as all diamonds excluding macles that consisted of more than one 
crystal. This included framesites. Irregular stones were generally fragments of stones that 
exhibited less than 50% of the original shape, but also included ballas stones and hailstone 
boart. No distinction was made between fragments of crystal shape and stones without 
crystal form. Cubes are very rare. 
Colour 
Seven categories of colour were used in the classification. The colours used were 
colourless, grey, yellow, brown, black, green and orange. The colour of the diamond was 
determined visually against a white background under fluorescent light commonly used by 
diamond evaluators. No distinction was made with respect to the intensity of the colour, 
e.g. light yellow or deep yellow. In the event of a diamond being zoned with respect to 
colour the dominant body colour was recorded. 
Size 
In contrast to the sizing method used by Whitelock (1973), Harris et al. (1975, 1979) and 
Robinson (1979) the diamonds in this study were screened using Pierre Sieve sizes. The 
approximate aperture sizes in millimeters are presented in Table 4.1. 
Eleven size ranges were used. Three have a lower aperture diameter smaller than the size 
ranges used by Whitelock (1973) and Harris et al. (1975, 1979). 
It should be noted that throughout this study only the lower aperture within a specific size 
range is quoted, e.g. +34 should be read as -40 +34. 
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RESULTS 
I) Size - Mass Relationship 
The relationship between diamond size and total mass of the Dokolwayo diamond 
population is graphically illustrated in Figure 4.1a. The most striking feature of this 
relationship at first glance is the bimodality of the population with respect to the + 34 and -
34 sieve size populations. However, this bimodality is probably a function of combining 
all the +40 diamonds together in one size. A more likely situation is that the bar~chart will 
tail off normally if the +40 diamonds were subdivided into several regularly spaced 
individual sizes. In addition to this pseudo bimodality the -34 diamond population also 
appears to be characterised by a bimodal population around the + 11 size range. The same 
population characteristics are exhibited by the much smaller sample from the Green 
Micaceous kimberlite (Figure 4.1b). 
The non-parametric Spearman rank correlation coefficient for these two samples has been 
calculated to test whether there is any significant difference between the two samples. The 
results strongly suggest that these two populations of diamonds are representative of the 
same source, and that the observed bimodality within the -40 population itself is not a 
sampling effect but an inherent characteristic of the diamond population from Dokolwayo. 
Unfortunately, size - mass relationships of diamond populations from other kimberlites are 
not freely available and it was impossible to establish if this feature of the Dokolwayo 
diamond population is unusual. 
II) Size - Morphology Relationship 
The relationship between size and morphology of the Dokolwayo diamonds has been 
investigated for the Group II population as a whole as well as for individual size ranges. 
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Several of the size ranges contained a smaller number of diamonds (n < = 500) than 
recommended by Harris et al. (1975). However, only three size ranges (+40, +34, +22) 
consisted of a smaller number of diamonds than the minimum number of diamonds in a 
sample (n = 100) from individual kimberlite intrusives considered by Whitelock (1973). 
The results have been tabulated (Appendix 4a) and presented graphically in Figure 4.2. 
The sample was characterised by an octahedra/dodecahedra ratio of -1:8 (i.e. 0/D = 
0.12). Irregular stones constitute 46% of the total population. Polycrystalline diamonds 
marginally exceeded the number of octahedral stones (6% and 5% respectively). Macles 
were found to represent the smallest percentage ( < 2%) of crystal forms cbnsidered, 
probably due to the rigorous classification criteria used in this study for this particular 
diamond shape. Cubes are too rare to be considered. Dodecahedra represented the largest 
fraction ( 41%) of the identifiable morphologies. 
The statistical validity of the observations made for the four largest size ranges ( +40, + 34, 
+28, +22) on an individual basis is poor due to the small number of stones in these size 
ranges. In addition, reporting the detailed analysis of each size range would prove to be 
cumbersome. For these reasons, several size ranges with particular features have been 
grouped together and the characteristics of the sub-populations in the diamonds are 
reported. 
* . a) + 22 Size Range 
Octahedra constitute 13.3 % of the +22* ( +40, +34, +28 and +22 combined) size range 
(n = 284). Macles comprise 3. 6% and· polycrystalline diamonds 17.6% of this size range 
(Figure 4.3). The ratio between octahedra and dodecahedra (0/D ratio) for the +22* 
diamonds is 0.76 (Figure 4.4). The OMD/IP ratio of these diamonds is 0.51 (Figure 4.5). 
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Within the +22* size range there is a general decrease in polycrystalline diamond content 
with decrease in size. In contrast, there is a general increase from 12.5% to 51.2% in the 
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irregular diamond population with· a decrease in size. The percentage of macles in this size 
range peaks to a maximum in the + 28 size range (8.4%) and then rapidly decreases to 
1.3% for the +22 size diamonds. 
b) + 17 Size Range 
The significant increase in the number of stones in the + 17 size range (n = 420; Table 
4.2t) and subsequent smaller size ranges over the preceding larger size ranges allows for 
greater confidence in determining the morphological characteristics of the diamonds in 
these smaller size ranges. The + 17 diamonds are characterised by an 0/D = 0.22 and an 
ODM/IP = 0. 74 (Figures 4.4; 4.5). The proportion of macles in this fraction is less than 
2%. The percentage of + 17 irregular stones ( 4 7%) closely approximates the percentage 
(46%) of irregular stones in Dokolwayo diamonds as a whole. The population of 
polycrystalline diamonds in the + 17 fraction (11%) is significantly in excess of the 
·percentage observed for the respective morphology in the general production sample. 
c) + 12* Size Range 
The most significant feature of the + 12* size range ( + 14 and + 12 combined; Table 4.2g, 
n = 1314) is that it marks a distinct change in the percentage of polycrystalline diamonds 
present in each individual size range. In all the size ranges larger than + 12* the 
polycrystalline diamond population is in excess of 10%. An additional significant feature 
is the marked increase of dodecahedra in the + 12* diamonds (Figure 4.3). This is clearly 
reflected in the relationship between the observed number of dodecahedra and octahedra 
(0/D = 0.14; Figure 4.4). The percentage of macles recorded in this fraction is less than 
2% and the ODM/IP = 1.04 (Figure 4.5). There is a slight increase in the 0/D ratio and 
decrease in the OMD/IP ratio with decrease in size within the + 12* range. 
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d) + 11 Size Range 
A considerably smaller number of diamonds (n = 375; Appendix 4.a) was recovered in the 
+ 11 size range when compared to the immediately larger and smaller fractions. This 
smaller number of stones does not appear to have a major influence on the distribution of 
the different morphologies present in this size range when compared with the results 
obtained for the immediately smaller and larger size ranges. The + 11 diamonds have an 
OlD = 0.11 and an ODM/IP = 1.09 which are very similar to the ratios computed for the 
+ 14 fraction (Figures 4.4; 4.5). The proportion of polycrystalline diamonds (7%; Figure 
4. 3) and macles ( < 2%) in the + 11 fraction are also similar to the fractions recorded for 
these morphologies in the + 14 size range. 
e) + 9 Size Range 
The 0/D (0.10) and ODM/IP (1.01) of the +9 size range show a slight decrease from the 
ratios computed for the + 11 fraction. There is also a marginal decrease in the proportion 
of polycrystalline diamonds (n = 679; Figure 4.3) relative to the + 11 fraction. 
0 + 3 * Size Range 
The largest number of stones (n = 1808; Appendix 4.a) occurred in the +3* size range 
( +6, + 3). Significant deviations in the relationship between size and morphology relative 
to larger size ranges is exhibited in this size range. Both the 0/D and ODM/IP ratios (0.06 
and 0.87 respectively; Figures 4.4; 4.5) decrease markedly when compared with the results 
obtained from the next four larger fractions. There is also a noticeable decrease in the 
populations of both the polycrystalline and octahedral morphologies (Figure 4.3). There is 
no significant change in the proportion of the macles ( < 2%) in this size range relative to 
the -28 sizes. Within the group there is a decrease in the 0/D ratio, but a reversal in the 
ODM/IP ratio. 
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Ill) Size - Colour Relationship 
The Group II sample of Dokolwayo diamonds that was used to investigate the relationship 
between size and morphology was also used to determine the relationship. between size and 
colour for the Dokolwayo diamond production. Both the total sample (n =:= 4880) as well 
as individual size ranges were investigated. Seven colours (i.e. colourless, grey, brown, 
yellow, green, black and orange) were identified. Additional colours, e.g. pink and lilac, 
have also been observed in the run of mine production, but were absent from the sample 
used in this study. This suggests that the colours not recorded in this evaluation must be 
rare. The results of this investigation are presented in Table 4.2 and Figure 4.6. 
The majority of the diamonds (68.0%) from this sample of general Dokolwayo production 
is colourless (Appendix 4.a). The proportions of grey and brown diamonds are very 
similar (13.8% and 12.9% respectively; Figure 4.6). Yellow diamond content is 
approximately 4%; black (0.7%) and green (0.3%) diamonds are minor, orange diamonds 
( <0.1 %) are rare. 
With the exception of the + 11 size range there is a general increase in the proportion of 
colourless stones with a decrease in size range for all the -40 diamonds (Figure 4. 7). The 
+ 11 size range has at least 5% fewer colourless stones than the size ranges immediately 
smaller or larger. Plotting the percentage of colourless stones against size for the -40 size 
ranges initially defines three distinct trends defined by the + 34 to +22, + 17, + 14 to 
+ 12, and -12 size ranges. However, if the +22* size range group is considered, then only 
two distinct trends are defined (Figure 4. 7). 
In general, there is a constant decrease in the proportion of grey stones with a decrease in 





least 6% more grey stones compared to the adjacent size ranges (Figure 4. 7). The smallest 
percentage of grey stones is in the + 3 size range. 
Considering the + 22 * size range as a single size range, brown stones comprise between 
11.0% and 15.7% of the total number of diamonds in all size ranges. However, within the 
+22* size range alone, large fluctuations occur. The +3 size range has the smallest 
proportion of brown diamonds. 
There is an nearly constant decrease in the percentage of yellow stones from +34 (14.3%) 
to + 11 (1.9%). The percentage of yellow stones in the -11 size ranges appears to plot as a 
separate population (Figure 4. 7). 
Green diamonds were absent from most size ranges, and concentrate a very minor 
component (0.3%) of the diamond population at Dokolwayo. However, the occurrence of 
green diamonds in the + 34 and + 3 size ranges suggest that these diamonds span the entire 
size range. 
No black diamonds were recorded in the +40, +22 and + 11 size fractions. Black 
diamonds are marginally more common than green diamonds, but are also a minor 
component of the Dokolwayo diamond population as a whole. 
In the entire sample of 4880 stones only two orange diamonds (one in + 11 and one in 
+6) were recorded. These two diamonds were recovered from the same area in the 
diatreme. A regular inspection of Dokolwayo production confirmed that orange is a rare 
colour. 
IV) Colour - Morphology Relationship 
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The recorded data provided the opportunity to determine the relationship between colour 
and morphology. Due to the small number or total absence of diamonds in some of the 
colour groups the study of this relationship has been restricted t~ the four most dominant 
colour groups, i.e. colourless, grey, brown and yellow. This has been done for the Group 
II diamonds. The results are tabulated in Appendix 4.a and are presented graphically in . 
Figures 4.8 and 4.9. Since macles coi?prise less than 2% of the total population this 
diamond form will not be commented on although the results are presented graphically. 
In all the morphologies colourless diamonds are the most common. Grey diamonds are the 
second most common colour in dodecahedra, irregular and polycrystalline diarrlonds. In 
the octahedral populations brown is the second most common colour. In all morphologies, 
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except octahedra, yellow is the least common of the four colours considered (Figure 4.8). 
The majority of the colourless diamonds ( 45%) are dodecahedra. The second most 
common morphology amongst the colourless d~amonds is the irregular population. 
Octahedra and polycrystalline diamonds are present in approximately equal amounts (5% ). 
Less than 2% of the grey diamonds are octahedra. The majority (53%) of the grey 
diamonds are classified as irregular in shape. This particular colour is relatively more 
abundant in polycrystalline diamonds (12%) than any other colour. Approximately 32% of 
the grey diamonds are dodecahedra. 
Irregular morphologies are slightly more common amongst the brown diamonds (54%) than 
in the grey diamonds (53%). There are relatively more octahedra and polycrystalline 
diamonds amongst the brown diamonds than in the colourless population. 
Yellow diamonds are characterised by having the biggest proportion of octahedra(> 10%) 
relative to the other colour groups. It was found that yellow diamonds are more commonly 
polycrystalline than the brown or the colourless diamonds. More than 35% of the yellow 
diamonds are dodecahedra (Figure 4.9). 
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Colourless octahedra generally decrease with a decrease in size range (Figure 4.10). 
Colourless polycrystalline diamonds show a distinct bimodal distribution (Figure 4.11). 
There is a general decrease in colourless polycrystalline diamonds from +34 to + 14 while 
the -17 size ranges appear to be a separate population. 
All the + 22 * size ranges have < 20% grey dodecahedra. In contrast, all the -22 size 
ranges have > 25% grey dodecahedra. There is a more than 5 % increase in grey 
dodecahedra between the +9 size diamonds and the two smaller size ranges (Figure 4.12). 
Grey polycrystalline diamonds generally decrease in significance from +40 to + i 1. There 
is a very marked increase in grey polycrystalline diamond content in the -11 size ranges 
compared with the + 11 size range (Figure 4.13). 
The most significant morphological feature amongst the brown diamonds is the a sharp 
increase in smaller dodecahedra, from < 15% for the +22* diamonds to >20% for the-
22 size ranges (Figure 4.14). 
Yellow is most characteristic of dodecahedral diamonds, and a distinct increase occurs in 
the + 14, + 12 and -11 size ranges (Figure 4.15). The distribution of yellow 
polycrystalline diamonds is erratic (Figure 4.16). 
DISCUSSION 
The physical features of diamonds are a record of the physiochemical conditions during and 
subsequent to crystallization. A study of the relationships amongst size, mass, colour and 
morphology of the Dokolwayo diamond population suggests that the diamonds may be 
divided into three distinct sub-populations. These three sub-populations can be correlated 
to a lesser or greater extent with size, i.e. the + 22, -22 + 12 and -11 size ranges. The + 11 
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size range is anomalous in various significant features and may represent a fourth sub-
population. 
Octahedra constitute 13% of the +22* {>opulation (Figure 4.3). This is in contrast to all 
the size ranges smaller than + 22 in which the octahedral population represents less than 
10%. Similarly, the proportion of macles (3.5%) and polycrystalline diamonds (18%; 
Figure 4.3) in the +22* group is significantly higher than in the smaller sizes ( <2% and 
< 9% respectively). The 0/D ratio in the +22* range at 0. 76 is also significantly higher 
than observed for the smaller fractions (0/D < 0.25; Figure 4.4). However, the OMD/IP 
* ~ (0.51) of the +22 is markedly lower (Figure 4.5). 
A closer inspection of the +22* size ranges shows that only 20% of the +22* macles are 
found in the +22 size range which constitutes over 55% of the +22* population. The 
proportion of macles in the + 22 size range is similar to the percentage of macles observed 
in the -22 size ranges. There is a regular marked increase in the irregular diamond .. 
populations from. the + 34 to the + 22 size ranges. The irregular diamond population in the 
size ranges greater than 2mm reaches a peak in the +22 size range (Figure 4.3). There is 
an almost constant decrease in the percentage of polycrystalline diamonds present in 
individual size ranges from the +40 to the + 11 size range with the largest proportional 
decrease from the +28 to the +22 size range (22% and 14% respectively; Figure 4.3). 
A comparison of the 0/D, OMD/IP ratios and proportion of polycrystalline diamonds in 
the Group II diamond population from Dokolwayo (Figure 4.3, 4.4, 4.5) shows major 
changes between the + 22 *, + 12 * and + 3 * size ranges. It has been demonstrated by 
Moore and Lang (1974) and Robinson (1979) that rounded dodecahedral diamonds are 
usually resorbed octahedra. The presence of dodecahedra in the Dokolwayo diamond 
population is thus indicative of a carbon corrosive environment. Whether the diamonds 
were resorbed in situ prior to being in contact with the kimberlite (assuming a xenocrystic 
diamond origin) or by the kimberlite and/or its precursor fluids itself is speculative. What 
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is of relevance to this discussion is that the proportion of dodecahedra increase with a 
decreasejn size range. In contrast, octahedra decrease in proportion to other morphologies 
with a decrease in size, but not necessarily with a change in stone colour. This is clearly 
reflected in the 0/D ratio of the different size ranges (Figure 4.4). The observed trend 
may be due to the smaller stones experiencing a greater degree of resorption than the larger 
stones as a result of their increased surface area per unit mass. 
On site observations of a larger population of diamonds than reported on in this study have 
indicated that the +40 diamonds are characterised by a sub-population of poor quality, 
highly fractured stones. Fragments of these diamonds are predominantly pres~nt in the 
+22* size ranges. They are generally colourless or grey (pred,ominant) in colour. They 
are also characterised by "Tanganyika naats", a combination of plastic deformation planes 
giving rise to a ribbed and tartan pattern of lamination lines on the diamond. The 
diamonds are irregular in shape, but commonly are flat, and their surface textures suggest 
intense resorption. These "Tanganyika diamonds" have not been described from other: 
southern African diamond populations. The high proportion of irregular gray stones in the 
+22* group (34.6%) may be largely attributed to such diamonds. It is tentatively 
suggested that this sub-population of diamonds consists predominantly of large diamonds 
and that their representation in the -40 sizes is mainly due to disaggregation of these . 
diamonds during pressure release while being transported from the mantle or at the time of 
eruptive emplacement of the kimberlite. Unfortunately, due to their size, these diamonds 
were not available for carbon isotopic or mineral inclusion studies to characterize them 
with respect to a chemical environment, e.g. eclogitic or peridotitic, or carbon source. 
Nevertheless, based on their physical appearance, they do contribute to defining the +22* 
diamonds. It should be noted that they do not contribute to the number of octahedra in the 
+22* size range. This implies that if these "Tanganyika diamonds" were not present in the 
+22* range then the proportion of octahedra present would be even more enhanced with 
respect to the octahedra in the -22 size ranges and the resultant 0/D and OMD/IP ratios 
would also be enhanced. 
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It is concluded that the +22* diamonds owe their character to a combination of at least two 
populations of diamonds. The one population ("Tanganyika diamonds") has a hitherto 
undetermined primary environmental history, but has experienced a post-crystallization 
history of intense deformation and resorption. The second population, characterised by a 
large proportion of octahedra, has experienced very little apparent deformation and 
resorption. This population may be part of a larger population which is primarily 
represented in the smaller size ranges. 
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A number of significant differences in diamond colour occur in the different size ranges. 
The proportion of colourless stones is generally less than 50% in the size ranges above 
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+22. The +22* size range have a colourless diamond content of 48.9%. This size range 
is also characterised by higher grey diamond content (Figure 4. 7) and a lower content of 
yellow diamonds (Figure 4. 7) than found in the -22 size ranges. 
In the -22 sizes the proportions of colourless diamonds generally increase from 58% in the 
+ 17 range to 78% for the + 3 range. However, a major decrease in colourless stones 
occurs in the + 11 range. This decrease is concomitant with a significant increase in grey 
and brown stones and a sharp decrease in yellow diamonds. In all the size ranges above 
+9 there are more grey stones than brown stones, whereas in the -11 size ranges the 
reverse is true (Figure 4. 7). The -11 diamonds have higher proportions of colourless and 
decreasing proportions of grey and brown stones with decreasing size, whereas yellow 
stones remain uniformly low. 
It appears that the diamond population of the Dokolwayo kimberlite may be divided into 
four distinct groups based on the relationship between colour and size. These groups may 
be broadly defined as the +22*, the -22 to +12, the +11, and the -11 size range groups. 
The + 11 size range appears to have anomalous diamond colour distributions with respect 
to the size ranges immediately above and below it. 
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Several interesting trends were observed in the relationship between colour and morphology 
in the different size ranges. Polycrystalline diamonds commonly predominate over 
dodecahedral diamonds in all four colours in the four largest size ranges. The relationship 
between colour and morphology for the +22* range indicates that polycrystalline diamonds 
are more common than dodecahedra amongst the grey and brown diamonds (Figures 4.8 
and 4.9). In none of the size ranges that comprise the +22* range do the number of 
dodecahedra exceed 30% in any of the four diamond colours. 
The largest size range in which dodecahedra exceed 30% of the total population"in any of 
the four colours is the + 17 range. In the size ranges smaller than + 17 the general pattern 
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is for dodecahedra to be in excess of 30% in all colours. The two exceptions are yellow in 
+ 11 and grey in +9. Amongst the dominant colourless diamonds, there is a tendency for 
octahedra to decrease relative to the other morphologies with decreasing size. In the -17 
size ranges the percentage of brown octahedra and polycrystalline diamonds also tends to 
decrease with decreasing size range. 
Harris et al. (1975) have discussed the role of nitrogen aggregation in the determination of 
colour in diamonds. Nitrogen-free diamonds (Type Ila, Bruton, 1970) or diamonds with 
Small impurities of platelet nitrogen (Type Ia) are essentially colourless. Small aggregates 
of nitrogen associated with platelet nitrogen may result in pale yellow or brown colours 
occur in Type Ia diamonds, but if nitrogen substitutes for for carbon in the diamond lattice 
of a Type Ia diamond, canary-yellow or amber diamonds ·result (the so-called Type Ib 
diamonds; Kaiser and Bond, 1959; Clark, 1965; Harris et al., 1975). The brown colour of 
diamonds may also be due to small concentrations of amorphous or graphitic carbon in the 
diamond lattice (Clark et al., 1956), commonly associated with deformation lamellae. 
Harris et al. (1975, 1979) have observed a predominance of yellow diamonds over brown 
diamonds in several southern African kimberlites. However, the relationship between these 
two colour groups at Dokolwayo tends to be the reverse and brown diamonds are 
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predominant. Unfortunately, it is not possible at present to distinguish between Dokolwayo 
brown diamonds that owe their colour to nitrogen aggregation or amorphous carbon and 
this relationship cannot be fully evaluated. There is a tendency for the combined yellow 
and brown diamond total to be in excess of 20% in all the + 17 size ranges while being 
< 20% in the -17 sizes. The smallest size range ( + 3) has the smallest percentage of brown 
and yellow diamonds. This may be due to a dominant Type I growth environment for the 
larger diamonds and an increasing importance of Type IT growth environment for the 
smaller diamonds. However, a more detailed evaluation of these trends will only be 
possible once the ratio of Type I and Type II diamonds in the colourless diamond 
population has been established. Such a study is envisaged. 
The percentage of the total mass of the Dokolwayo diamonds represented by the + 11 size 
range is distinctly less than the adjacent size ranges (Figure 4.1). The + 11 size range is 
also characterised by an anomalously high percentage of yellow polycrystalline and a small 
percentage of grey polycrystalline diamonds (Figures 4.13 and 4 .16). It would therefore 
seem that the diamonds in the + 11 size range represent a population of diamonds not 
predominant in either the smaller or the larger sizes and serves as a marker between all the 
+ 12 and the -11 diamonds. The + 12 and -11 diamonds are also distinguished from each 
other by lower 0/D ratios, proportionally fewer yellow diamonds and more colourless 
diamonds in the -11 ranges than in the larger size ranges. The physical features of the -11 
diamonds suggest that they have been resorbed to a greater degree than the larger 
diamonds. In addition, the decreased proportion of yellow diamonds in this smaller size 
range suggests that they may have experienced a very different thermal history and hence 
would have a different rate of nitrogen aggregation than the larger diamonds. 
Alternatively, the primary crystallization environment of these -11 diamonds was depleted 
in nitrogen relative to the larger sized diamonds. It should be noted that the majority of the 
diamonds selected for diamond inclusion and carbon isotope studies were selected from the 
-12 range of diamonds. At least two distinct parageneses (eclogitic and peridotitic) were 
recognized amongst these diamonds. The peridotitic paragenesis predominates (Chapter 5). 
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It is possible that the -11 population and the + 12 population may be related to different 
parageneses. However, inclusion and carbon isotope data on the + 12 population will have 
to be obtained to establish the validity of this suggestion. 
The differences in the physical properties of the +22* and -11 diamonds suggest that these 
two groups of diamonds are, in the main, unrelated. Their distinct differences in size and 
hence volume of carbon required may indicate a major diversity in elemental carbon supply 
at the point of crystallization in the mantle or early versus late nucleation in a 
crystallization continuum. 
In conclusion, a detailed study of the physical features of the Dokolwayo diamonds has 
shown that the diamond population as a whole consists of a number of complex sub-
populations which have experienced different crystallization histories in possibly different 
chemical environments (e.g. different concentrations of nitrogen, elemental carbon supply) 
and which experienced different post crystallization histories (e.g. deformation and 
resorption). In a southern African context, the Dokolwayo diamonds are distinguished 
from other southern African diamond populations (Harris et al., 1975, 1979; Robinson, 
1979) by having a predominance of brown diamonds versus yellow stones. This colour 
characteristic, together with the "Tanganyika diamonds" suggest that the Dokolwayo 
diamonds may be a unique population. 
TABLE 4.1 














6 1. 60 
3 1.25 
Table 4.1 Pierre sieve 
sizes in millimetres. 
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CHAPTER 4 - FIGURE CAPTIONS 
FIGURE4.1 
Histogram showing the relationship between diamond mass and Pierre Sieve size in (a) 
general production from the Dokolwayo kimberlite and (b) production from a single 
hypabyssal phase, the green micaceous kimberlite, within the diatreme. 
FIGURE4.2 
Pie diagram of the distribution of major morphologies for the general Dokolwayo diamond 
production. 
FIGURE 4.3 
Plot illustrating the relationship between Pierre Sieve size and diamond morphology of the 
Dokolwayo production. 
FIGURE 4.4 
Plot illustrating the variation in the ratio between octahedra and dodecahedra (the 0/D 
ratio) in the different Pierre Sieve size ranges for the Dokolwayo diamond production. 
FIGURE4.5 
Plot showing the relationship between the Pierre Sieve size and the [Octahedra + 
Dodecahedra + Macle]/[Irregulars + Polycrystallines] i.e. (OMD/IP) for the Dokolwayo 
diamonds. 
FIGURE4.6 
Pie diagram of the distribution of major colours for the general Dokolwayo diamond 
production. 
FIGURE 4.7 
Plot showing the relationship between Pierre Sieve size and the percentage of colourless, 
grey, brown and yellow stones of the Dokolwayo diamond production. 
FIGURE4.8 
Plot showing the distribution of diamond colours for the major morphologies of the 
Dokolwayo diamonds. 
FIGURE 4.9 
Plot showing the distribution of diamond morphologies for the major colours of the 
" Dokolwayo diamonds. 
FIGURE 4.10 
Plot illustrating the variation in percentage colourless octahedra in the different size ranges 
of the Dokolwayo diamonds. 
FIGURE 4.11 
Plot illustrating the vanat10n in percentage colourless polcrystalline diamonds in the 
different size ranges of the Dokolwayo production. 
FIGURE 4.12 
Plot illustrating the variation in percentage grey dodecahedra in the different size ranges of 
the Dokolwayo diamonds. 
FIGURE 4.13 
Plot illustrating the variation in percentage grey polycrystalline diamonds in the different 
size ranges of the Dokolwayo production. 
FIGURE 4.14 
Plot illustrating the variation in percentage brown dodecahedra in the different size ranges 
of the Dokolwayo diamonds. 
FIGURE 4.15 
Plot illustrating the variation in percentage yellow dodecahedra in the different size ranges 
of the Dokolwayo diamonds. 
FIGURE 4.16 
Plot illustrating the variation in percentage yellow polycrystalline diamonds in the different 
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MORPHOLOGY vs SIZE RELATIONSHIP 
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COLOUR vs SIZE RELATIONSHIP 
FIGURE 4.7 
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GREY POLYCRYSTALS vs SIZE 
FIGURE 4.13 
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YELLOW DODECAHEDRA vs SIZE 
FIGURE 4.15 
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COLOUR SIZE OCTA DO DEC MACLE IRREG POLY TOTAL 
COLORLESS +3 12 219 7 223 1 462 
GREY +3 0 15 1 24 3 43 
BROWN +3 2 26 1 35 1 65 
YELLOW +3 0 7 1 3 0 11 
GREEN +3 0 0 0 3 0 3 
BLACK +3 0 0 0 7 0 7 
ORANGE +3 0 0 0 0 0 0 
TOTAL +3 14 267 10 295 5 591 
COLORLESS +6 23 379 15 423 30 870 
GREY +6 1 51 2 62 14 130 
BROWN +6 8 46 2 92 5 153 
YELLOW +6 1 21 1 29 1 53 
GREEN +6 0 0 0 5 0 5 
<,. 
BLACK +6 0 0 0 5 0 5 
ORANGE +6 0 0 0 1 0 1 
TOTAL +6 33 497 20 617 50 . ·1217 
COLORLESS +9 21 228 7 185 27 468 
GREY +9 2 21 1 38 13 75 
BROWN +9 6 37 2 58 1 104 
YELLOW +9 2 11 1 8 2 24 
GREEN +9 0 2 0 3 0 5 
BLACK +9 0 0 0 3 0 3 
ORANGE +9 0 0 0 0 0 0 
TOTAL +9 31 299 11 295 43 679 
COLORLESS +11 13 127 4 75 19 238 
GREY +11 1 22 1 45 1 70 
BROWN +11 4 20 2 29 4 59 
YELLOW +11 1 1 0 3 2 7 
GREEN +11 0 0 0 0 0 0 
BLACK +11 0 0 0 0 0 0 
ORANGE +11 0 0 0 1 0 1 
TOTAL +11 19 170 7 153 26 375 
COLORLESS +12 33 221 8 215 31 508 
GREY +12 3 33 2 41 6 85 
BROWN +12 6 28 2 31 8 75 
YELLOW +12 6 13 2 15 3 39 
GREEN +12 0 0 0 0 0 0 
BLACK +12 0 0 0 8 1 9 
ORANGE +12 0 0 0 0 0 0 




COLOUR SIZE OCTA DO DEC MACLE IRREG POLY TOTAL 
COLORLESS +14 23 193 7 14a 19 ·382 
GREY +14 1 37 2 56 12 1a8 
BROWN +14 7 28 a 3a 1a 75 
YELLOW +14 2 14 a 11 3 3a 
GREEN +14 a a a a a a 
BLACK +14 a a a 3 a 3 
ORANGE +14 a a a a a a 
TOTAL +14 33 272 9 24a 44 598 
COLORLESS +17 22 94 6 99 24 245 
GREY +17 3 26 1 46 13 89 
BROWN +17 2 15 1 41 2 61 
YELLOW +17 4 4 a 1a 5 23 
GREEN +17 a a a a a a 
... 
BLACK +17 a a ·a 1 a 1 
ORANGE +17 a a a a a a 
TOTAL +17 31 139 8 197 ;44 419 
COLORLESS +22 11 25 2 4a 12 9a 
GREY +22 a 6 a 23 7 36 
BROWN +22 3 1 a 12 4 2a 
YELLOW +22 5 2 a 6 a 13 
GREEN +22 a a a 1 a 1 
BLACK +22 a a a a a a· 
ORANGE +22 a a a a a a 
TOTAL +22 19 34 2 82 23 16a 
COLORLESS +28 7• 2 3 13 6 31 
GREY +28 1 2 1 8 5 17 
BROWN +28 2 2 1 9 a 14 
YELLOW +28 a 1 1 2 3 7 
GREEN +28 a a a a a a 
BLACK +28 0 a a 1 2 3 
ORANGE +28 a a a a a a 
TOTAL +28 1a 7 6 33 16 72 
COLORLESS +34 2 2 1 1 3 9 
GREY +34 1 1 a 6 3 11 
BROWN +34 1 a 1 a a 2 
YELLOW +34 1 1 a 2 a 4 
GREEN +34 a 1 a a a 1 
BLACK +34 a a a a 1 1 
ORANGE +34 a a a a a a 




COLOUR SIZE OCTA DO DEC MACLE IRREG POLY TOTAL 
COLORLESS +40 3 2 0 6 2 13 
GREY +40 0 1 0 5 3 9 
BROWN +40 0 0 0 1 1 2 
YELLOW +40 0 0 0 0 0 0 
GREEN +40 0 0 0 0 0 0 
BLACK +40 0 0 0 0 0 0 
ORANGE +40 0 0 0 0 0 0 
TOTAL +40 3 3 0 12 6 24 
COLORLESS +22* 23 31 6 60 23 143 
GREY +22* 2 10 1 42 18 73 
BROWN +22* 6 3 2 22 5 38 
YELLOW +22* 6 4 1 10 3 24 
GREEN +22* 0 1 0 1 0 2 <; 
BLACK +22* 0 0 0 1 3 4 
ORANGE +22* 0 0 0 0 0 0 




CHAPTER 5 - DIAMOND INCLUSIONS 
ABSTRACT 
A wide range of oxides, silicates and sulphides were recovered from the diamonds of the 
Jurassic Dokolwayo kimberlite. The peridotitic paragenesis predominates at this locality. 
The discovery of staurolite as an inclusion in a diamond has significant petrological 
implications for the stability of staurolite and implies that some diamonds crystallize in a 
metamorphic environment. The identification of black films in diamonds as silicates 
enriched in Ti, K and AI suggests that visually identified sulphides may be misleading. 
Calculated temperatures and pressures from suitable silicate and oxide inclusions are 
consistent with physical conditions reported from other southern African localities. 
Distinct compositional differences between inclusions within a single diamond as well as 
inclusions assigned to a common paragenesis, but from different diamonds, suggest that the 
mantle is characterized by geochemical inhomogeneities on a macro and a micro scale. 
Spinel inclusions exposed on the surface of diamonds tend to be more chrome-rich than 
spinels totally encapsulated by the diamond. Eclogitic garnets do not exhibit major 
zonation patterns. Three distinct populations of southern African eclogitic garnets are 
recognized. 
5.1 INTRODUCTION 
Studies of diamond inclusions from southern African kimberlites over the past decade have 
concentrated on characterizing the diamond inclusion populations from single localities 
(Gurney et al., 1979, 1984a, 1984b, 1985; Hill, 1989; Moore and Gurney, 1989; Rickard 
et al., 1989; Gurney, unpbl. data). The armouring effect of diamonds shields syngenetic 
inclusions against alteration through diffusive processes. Diamond inclusions may 
therefore be unique sources of information pertaining to the roots of Archaean cratonic 
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areas (Richardson et al., 1984; Moore and Gurney, 1985; Daniels and Gurney, 1991). 
Diamond inclusions from Dokolwayo ·are of particular interest in that the kimberlite is of 
pre-Stormsberg age and therefore sampled a mantle unaffected by the extraction of Karoo 
volcanic melts. With the exception of the Precambrian Premier Mine and Jwaneng in 
Botswana, all other southern African diamond inclusion populations investigated were 
obtained from kimberlites younger than the Karoo volcanics. The Dokolwayo kimberlite is 
geographically well separated from other established diamond mines (Figure 5 .1) and 
therefore provides a unique opportunity to study the root zones of the north-eastern margin 
of the Kaapvaal Craton. 
5.2 OBJECTIVES 
The aim of this study was to identify the suite of minerals occurring as inclusions in 
diamonds from Dokolwayo and to establish the range of chemical compositions for 
individual mineral species. It was also considered a priority to establish, where possible, 
the physiochemical conditions under which these minerals crystallized and hence to obtain 
information regarding the crystallization processes of natural diamonds. This latter aspect 
emphasized the importance of diamonds with more than one inclusion. Diamonds 
encapsulating more than one mineral species were particularly important to this latter aspect 
of the study. In addition to these aims, it was considered important to establish the 
compositional differences between inclusions exposed on the surface of a diamond and 
inclusions totally encapsulated by the diamond. 
5.3 DIAMOND SELECTION 
Diamonds in the sieve range -11 +5 (Table 4.1) were selected from thousands of carats of 
general production. They were cleaned in concentrated HF for 48 hours. Most of these 
diamonds are < 3mm in largest dimension and average -0.10 c sf 1_ As far as possible 
stones with no apparent cracks on inspection under binocular microscope were selected. A 
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number of stones were characterized by having inclusions exposed on the surface of the 
diamond as well as totally encapsulated inclusions. No evidence for major element 
alteration by HF was observed. The inclusions exposed on the surface of diamonds were 
completely removed from the diamond before totally encapsulated inclusions were 
extracted. The encapsulated inclusions were extracted from the diamonds by mechanical 
crushing in an enclosed steel cracker. The inclusions were mounted in epoxy resin on glass 
and polished. All minerals were analyzed with the use of a Cameca Camebax electron 
microprobe, using standards of similar compositions to the unknowns and on.;.line 
correction procedures. 
5.4 MINERAL ABUNDANCES 
Inclusion abundances presented in Table 5.1 must not be regarded as representative of the 
diamond population as a whole. It should be noted that spinels, in particular, are far more 
" abundant than presented here. During the search for diamonds with inclusions from the 
general production at Dokolwayo it was found that spinels are more common as inclusions 
than all silicate phases combined. In an attempt to obtain a sample of all the possible 
phases present, greater emphasis was placed on selecting diamonds encapsulating silicate i 
phases. Inclusions were successfully recovered from a total of 106 diamonds. ~ 
The majority of the inclusions were assigned to the eclogitic and peridotitic parageneses 
which have been reported from diamonds both regionally and world-wide (e.g. Hawthorne 
et al., 1979; Meyer, 1985). The results of this study (Table 5.1) have shown that the 
peridotitic suite of diamonds predominates over the eclogitic suite, particularly when it is 
taken into consideration that spinel-bearing diamonds are under represented. One diamond 
was assigned to the websteritic paragenesis, which has previously been reported from 
Orapa (Gurney et al., 1984a) and Monastery (Moore and Gurney, 1989). Inclusions that 
have not been assigned to specific parageneses are diamond, graphite, sulphides, zircon, 





diamond, graphite, sulphide and ilmenite were found to coexist individually with eclogitic 
minerals and zircon was found to coexist with peridotitic minerals. However, in the 
absence of coexisting diagnostic phases encapsulated minerals were assigned to the 
miscellaneous category (Table 5.1). The common occurrence of spinels as inclusions in 
diamonds at Dokolwayo is a most unusual feature of diamond inclusion populations in 
southern Africa and had previously been observed only in the Star diamond population 
(Hill, 1989). The unique discovery of a staurolite as an inclusion in one of the Dokolwayo 
diamonds is perhaps one of the most exciting finds of this study. 
5.5 COEXISTING MINERALS 
Thirty nine of the Dokolwayo diamonds from which inclusions were extracted were 
characterized by multiple inclusions. In 18 of these stones different minerals coexisted 
with each other (Table 5.1). The other 21 diamonds contained multiple monomineralic 
inclusions: 1herzolitic garnet (1); olivine (1); peridotitic clinopyroxene (1); spinel (12); 
eclogitic garnet (5) and coesite (1). Single inclusions were recovered from 67 stones. It is 
of interest to note that although eclogitic garnets were recovered from seventeen diamonds 
and eclogitic clinopyroxenes were present in five diamonds, these two minerals were not 
found together in any diamond at Dokolwayo. This feature of the Dokolwayo diamonds 
contrasts with the eclogitic diamond populations from other southern African kimberlites 
where it is common to find eclogitic garnets and clinopyroxenes coexisting in the same 
diamond (e.g. Orapa and Premier Mine; Gurney etal., 1984a, 1985). 
5.6 MINERAL COMPOSITIONS 
The mineral compositions of all the diamond inclusions analyzed in the course of this study 
are presented in Appendix 5.a. 
31 
5.6.1 PERIDOTITIC MINERALS 
5.6.1a Olivine 
Thirteen olivines were recovered from eight diamonds. The olivines from five of these 
diamonds have a very restricted forsterite range (Fo 92.0- 92.8) with Cf203 ranging from 
below the detection limit to 0.04 wt% and NiO 0.34 - 0.42 wt%. One of these olivines 
was recovered from a diamond (DI 310) that also contained two spinels. A single olivine 
crystal was also found coexisting in a diamond (DI 362) with orthopyroxene and three 
spinel grains. This olivine is slightly more forsteritic (Fo 93.3) than the olivine found 
coexisting with spinels in DI 310. Five olivine inclusions were recovered from a single 
~· ~ -
diamond (DDI 54) which also contained subcalcic garnets. These olivines are characterized 
by ranges of forsterite contents (Fo94.1 - 94.6), Cf203 (0.02 - 0.06 wt%) and NiO (0.28 -
0.35 wt%) suggesting minor disequilibrium within the diamond. The remaining two 
olivines were recovered from the same diamond (DI 342) and are characterized by Fo 93.6 
- 93.8, Cr203 below the detection limit and NiO 0.35 wt%. 
5.6.1b Orthopyroxene 
Three peridotitic orthopyroxenes were recovered from three Dokolwayo diamonds. These 
orthopyroxenes are characterized by a narrow range in enstatite component (En 93.9 -
94.9), CQ03 0.49- 0.68 wt%, Al20) 0.83 - 0.93 wt% and CaO 0.17- 0.38 wt%. The 
orthopyroxene recovered from diamond DI 362 coexisted with olivine and spineL The 
other two orthopyroxenes were extracted from diamonds DK 24 and DI 307, and coexisted 
with subcalcic garnets. 
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5.6.1c Clinopyroxene 
The assignment of clinopyroxenes to either the peridotitic or eclogitic suite is problematic. 
All except one of the clinopyroxenes recorded from diamonds in southern Africa which 
have been designated as "eclogitic" have Cr203 < 0.4 wt%. The policy adopted in this 
study was to assign all Dokolwayo diamond inclusion clinopyroxenes with CQ03 > 1.00 
wt% to the peridotitic suite (Figure 5.2). Four clinopyroxenes are assigned to the 
peridotitic suite. These peridotitic clinopyroxenes have a wide range in CQ03 (1.10- 7.58 
wt%), Na20 (0.57- 5.91 wt%), K20 (0.06- 0.53 wt%) and TiD2 ( < 0.20 wt%). 
5.6.1d Garnet 
Four different groups of peridotitic garnets were recovered from Dokolwayo diamonds. 
These four groups are characterized by distinctive compositions as well as the colour of the 
garnets. 
Lilac subcalcic garnets were extracted from six diamonds. The garnets from four of these 
diamonds (DK 24, DK 42, DDI 45, DI 307) have exceptionally high Cf20J contents (9.84 
- 13.1 wt%) and low CaO (0.43- 2.50 wt%; Figure5.3). Two of these diamonds (DK 24 
and DI 307) also contained orthopyroxene. The subcalcic garnets from diamond DDI 54 
(Cf203 7.54 - 7.85 wt%; CaO 1.31 - 1.34 wt%) which coexisted with olivines have 
significantly less CQ03 than the subcalcic garnets recovered from the aforementioned four 
diamonds above. Distinct compositional differences with respect to Al203, CQ03, FeO 
and MgO concentration levels exist amongst the three garnets from diamond DDI 54. 
These compositional differences are consistent with possible disequilibrium within the 
diamond as observed in the olivine compositions. The subcalcic garnet (CaO 1.52 wt%) 
with the lowest level of Cr203 (5.45 wt%) was recovered from diamond DI 350. 
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Two purple garnets were recovered from one diamond (DK 06). One of these garnets was 
exposed to a crack in the diamond. The garnet that was not exposed to a crack has Cf2 03 
5.96 wt%, MgO 20.5 wt% and CaO 5.96 wt%. This composition is similar to that of 
garnets derived from calcium saturated lherzolites. The exposed garnet was slightly 
altered. 
Two diamonds (DI 353 and DI 375) yielded single green garnets. These garnets are 
characterized by high calcium and chromium contents (CaO 24.0-24.3 wt%; Cf203 13.1 
- 13.3 wt%). Garnets of similar composition have not previously been reported as 
diamond inclusions, but have been found in concentrates from the Newlands, Bellsbank and 
Dokolwayo concentrates (Lawless, 1974; LRD Unpbl data). 
A blue garnet, similar in colour to kyanite, was recovered from diamond DI 304. This 
garnet is characterized by Cr203 13.0 wt% and CaO 7.94 wt%. Both the colour and the 
composition of this garnet are unusual and have not previously been reported for garnet 
inclusions in diamonds from Southern Africa. 
5.6.1e Spinel 
Chromium-rich spinels are the single most common mineral inclusion in Dokolwayo 
diamonds. A total of fifty five spinels were recovered from twenty eight diamonds. The 
majority of these spinels are characterized by Cr203 > 60 wt%. However, four spinels 
(three coexisting with olivine and orthopyroxene) contain Cf203 < 60 wt%. The 
Cr/(Cr+ Al) ratio of the spinels is restricted between 0.900 and 0. 738. A significant 
feature of these diamond inclusion spinels is their low Ti02 contents which range from 
below detection limit to 0.62 wt% (Figure 5.4). Most of the spinels have Mg/(Mg+ Fe) > 
0.5. The exceptions to this compositional feature are two spinels coexist with a zircon (DI 
324). These two. spinels have Mg/(Mg+ Fe) < 0.5. Compositional inhomogeneity 
amongst spinels from the same diamond (e.g. DI 328, DI 331) is common. In cases where 
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spinels were exposed on the surface of a diamond (DI 302, DI 319) the exposed spinel 
contains significantly more Cr203 than unexposed spinels. In one diamond (DI 319) 
relative sizes of unexposed spinels were recorded, but no significant difference in 
composition amongst the inclusions was observed. 
Twenty nine of the diamond inclusion spinels were analyzed by J .J. Gurney for trace 
concentrations of Ni (584 -1160 ppm), Zn (335 - 526 ppm) and Ga (not detected to 31.6 
ppm). These trace element results are discussed in Chapter 8. 
5.6.1f Zircon 
Zircon was found to coexist with two spinels in Dokolwayo diamond DI 324. This mineral 
assemblage has been assigned to the peridotitic suite due to the common association of 
spinels with peridotitic minerals in diamonds from southern Africa. However, the carbon 
isotopic composition of this diamond (Chapter 6) places a question mark over the 
paragenesis of these inclusions. 
5.6.2 ECLOGITIC MINERALS 
5.6.2a Clinopyroxenes 
Five clinopyroxenes considered to be eclogitic are characterized by high Ti~ (0.34 - 0.66 
wt%), a wide range in Al203 (2.58- 14.0 wt%), MgO (7.26- 20.3 wt%), Na20 (1.53 -
7.14 wt%), and K20 (0.03- 0.51 wt%) and low CQ03 (< 0.30 wt%, Figure 5.2). One 
of the diopsides (DD 32/01) has an excess of AI over Na with a slight deficiency in Si 
representing a small proportion of Ca-Tschermack molecule. 
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5.6.2b Garnets 
Eclogitic garnets are the second most abundant mineral recovered from Dokolwayo 
diamonds. A total of thirty six eclogitic garnets was recovered from twenty one diamonds. 
These garnets were found to coexist with coesite, sulphide, diamond and ilmenite 
respectively. All of these garnets have trace levels of sodium (Na20 0.06 - 0.54 wt%) 
which is positively correlated with Ti~ (0.11 - 0.66 wt%; Figure 5.5). The range of 
compositions for this group of garnets reported previously (Daniels and Gurney, 1989) has 
been extended. These garnets show a wide range in FeO (8.41 - 21.6 wt%), MgO (7.44-
20.7 wt%) and CaO (4.21 - 15.5 wt%). The Cf203 content of the eclogitic~garnets is 
generally <0.20 wt%. 
5.6.2c Coesite 
Eight high Si02 (93.8 - 97.8 wt%) inclusions are assumed to be eclogitic coesite rather 
than quartz in that the inclusions were recovered from diamonds without cracks. These 
coesites coexist with eclogitic garnet and diamond inclusions respectively. 
5.6.2d Rutile 
Rutile (Ti~ 98.4 wt%) was recovered from a framesite crystal and is considered to be of 
eclogitic paragenesis, which is in agreement with the results of similar inclusions described 
by Gurney and Boyd (1982). 
5.6.2e Feldspar 
A single feldspar was recovered from Dokolwayo diamond DI 344. This feldspar is 
similar in composition to an albite that was recovered from the Roberts Victor kimberlite 
(Gurney et al., 1984b) which was assigned to the eclogitic paragenesis. 
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5.6.2f Ilmenite 
Ilmenite was found coexisting with two eclogitic garnets in Dokolwayo diamond DI 351. 
The absence of Cr203 and the high MgO (9.05 wt%) contents of the ilmenite are similar to 
compositional trends observed in ilmenites from Orapa eclogites (Tollo, 1986). 
5.6.2g Staurolite 
A staurolite coexisting with graphite was recovered from diamond DI 3a11. Staarolite has 
not previously been reported from a diamond. The staurolite is characterized by FeO 13.6 
wt%, MgO 2.13 wt% and ZnO 1.09 wt%. This composition is similar to the compositions 
of staurolites from eclogite-facies metapelites from the Champtoceaux Nappe in Brittany, 
France (Ballevre et al., 1989) and the Dokolwayo staurolite is therefore placed in the 
eclogitic paragenesis. 
5.6.2h Diamond 
Diamond inclusions within diamond were found in association with eclogitic garnet as well 
as coesite. 
5.2.6i Sulphide 
Sulphide inclusions were found as single inclusions in diamonds and also in association 
with eclogitic garnet inclusions. The sulphides were not analyzed in detail. 
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5.6.3 WEBSTERITIC MINERALS 
An orthopyroxene (DI 363) was found coexisting with clinopyroxene and coesite which 
have compositional characteristics similar to eclogitic minerals. Hence this orthopyroxene 
is similar to orthopyroxenes reported from Orapa (Gurney et al., 1984a) and Monastery 
(Moore and Gurney, 1989). The orthopyroxenes from these localities have been 
interpreted to represent a websteritic paragenesis and the Dokolwayo sample is therefore 
also cons1dered to be of websteritic origin. 
5.6.4 MINERALS OF QUESTIONABLE AFFINITY 
5.6.4a Diamond, Graphite and Sulphide 
Diamonds, graphite and sulphide were recovered as inclusions in diamond in addition to 
those found in association with eclogitic minerals. Graphite has been recorded as diamond 
inclusions at Star (Hill, 1989). Sulphides are far less common than previously estimated 
(Daniels and Gurney, 1989). 
5.6.4b Ilmenite 
One ilmenite was recovered from Dokolwayo diamond DI 366. The ilmenite has Cf203 
1.05 wt% and MgO 12.4 wt%. Similar ilmenites have been reported as diamond 
inclusions from Finsch (Meyer and Tsai, 1976) and Monastery (Moore and Gurney, 1989). 
The paragenetic affinity of these latter ilmenites are also unknown. 
5.6.4c Biotite 
Biotite (Ti02 5.34 wt%; FeO 17.55 wt%; MgO 13.15 wt%) was recovered from a 
diamond that had no visible cracks and is therefore considered to be primary. Biotite has 
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previously been recorded from diamonds by Williams (1932) and Giardini et al. (1974). 
However, the paragenetic affinity of biotite is unknown. 
5. 6 .4d Zircon 
A single zircon was recovered from diamond Dl 381. The diamond from which this zircon 
was recovered has a distinctly different carbon isotopic signature to the diamond from 
which the zircon described in S.6.1f above was recovered. The paragenetic assignment of 
this zircon is therefore uncertain, but it may be eclogitic. ·. The carbon isotopes are 
described in Chapter 6. 
5.6.4e Magnetite and Sphene 
Two magnetite crystals were extracted from diamond DI 340. Both magnetite crystals 
were about 500 microns in diameter. One magnetite contains Ti02 1.37 wt% and MgO 
2.47 wt% while these oxides were not detected in the second magnetite. The magnetite 
containing Ti~ and MgO was further characterized by two small sphene inclusions. In 
the absence of diagnostic minerals the paragenesis of this assemblage is uncertain. 
However, sphene and magnetite have been found in diamondiferous eclogites in the Soviet 
Union (Tugovik et al., 1987). It is therefore possible that this assemblage is related to the 
eclogitic paragenesis. 
5.6.4f Chlorite and TiKAl-Silicate 
An Fe-rich chlorite with 46.4 wt% FeO (total iron) 0. 74 wt% Cr203, 0.14 wt% Na20, 
1.28 wt% K20 and 0.32 wt% F was recovered from diamond DI 380. This chlorite 
coexisted with sulphide and diamond inclusions. In addition to t4ese inclusions, black 
films of unknown material were observed. These black films were previously assumed to 
be sulphide rosettes. However, a qualitative analysis with a scanning electron microscope 
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has shown that these films consist predominantly of Si and AI with minor Ti, Fe, Mg, Ca, 
Na, K and Cl (Figure 5. 6a). Similar black films were recorded on the interface between a 
diamond inclusion and its host diamond (DI 383). The SEM analytical result obtained for 
these black films is virtually identical to the results from DI 380 (Figure 5.6b). 
5. 7 DISCUSSION 
The peridotitic and eclogitic mineral inclusions in the Dokolwayo diamonds have many 
compositional similarities with diamond inclusions reported from both the Precambrian 
Premier Mine (Gurney et al., 1985) and the post-Stormsberg volcanism kimberlites in 
southern Africa (Gurney et al., 1979, 1984a, 1984b; Hill, 1989; Rickard et al., 1989; 
' Moore and Gurney, 1989). It is therefore unlikely that the conditions of crystallization of 
the Dokolwayo diamonds would in principle be significantly different to the processes of 
diamond· formation in southern Africa as a whole. 
Physical Conditions 
Unfortunately, none of the diamonds containing mineral inclusions of eclogitic paragenesis 
allowed for the calculation of equilibrium pressures or temperatures. An evaluation of the 
physiochemical conditions of Dokolwayo diamond crystallization is therefore restricted to 
the peridotitic suite. 
Two diamonds contained garnet-orthopyroxene pairs and allowed for pressure calculations 
(Nickel and Green, 1985). Both of these diamonds (DI 307 and DK-24) contained multiple 
garnet inclusions. The pressure range between 1000°C and 1200°C for DI 307 was 43.6 
and 54.4 kbar. Assuming a minimum pressure of 45 kbar for diamond stability suggests a 
minimum temperature of 1040°C for this diamond. Similarly, a pressure range of 45.4 to 
56.8 kbar between 1000°C and 1200°C was calculated for DK-24. 
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Only one diamond (DDI 54) contained a garnet-olivine pair that could be used for 
temperature determinations (O'Neill and Wood, 1979 (1)). Three garnets and five olivines 
from this diamond were analyzed. The temperatures for this diamond was calculated at an 
assumed pressure of 50 kbar. Three diamonds contained peridotitic clinopyroxenes. 
Temperatures were calculated for these three diamonds using the Lindsley and Dixon 
(1976, (2)) diopside solvus (20 kbar). Two diamonds (DI 310 and DI 362) contained both 
olivine and spinel inclusions. Temperatures were calculated for these diamonds at a 
pressure of 50 kbars using the O'Neill and Wall (1987; (3)) olivine-spinel geothermometer. 
The temperatures are presented in Table 5.2. 
Temperatures calculated for the Dokolwayo peridotitic diamonds are similar to the 
temperatures obtained from the Premier diamonds (Gurney et al., 1985), but lower than the 
temperatures characteristic of the Roberts Victor diamonds (Gurney et al., 1984b). Despite 
the Jurassic age of the Dokolwayo kimberlite, the peridotitic diamond temperatures from 
this locality do not deviate significantly from the peridotitic trend established for other 
kimberlites in southern Africa (Gurney et al., 1979; 1984a; 1984b; 1985; Rickard et al., 
1989; Hill, 1989). 
Exposed and Non-exposed Diamond Inclusions 
The diamonds with exposed spinels on the surface were significantly resorbed diamonds. It 
is reasonable to argue that the exposed spinels were closer to the exterior of the diamonds 
prior to resorption than were the unexposed spinels. In two cases investigated, the exposed 
spinels were more chromium-rich than the unexposed spinels. In the event that these 
exposed spinels were altered in a secondary environment, it would be necessary to find a 
process that enriches the spinel in chromium. An appropriate environment would be a 
kimberlite or proto-kimberlite melt. However, the immobility of chromium in secondary 
environments and the refractory nature of chromium spinels suggest that chromium 
enrichment of diamond inclusion spinels is an unlikely process to occur and it is concluded 
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that little, if any alteration of the exposed spinels occurred. This implies that spinels within 
a single diamond may increase in chromium from centre to edge. A similar zoning pattern 
is observed in Dokolwayo concentrate spinels (Chapter 8) with compositional 
characteristics similar to those of the diamond inclusion spinels. Daniels (1991) suggested 
that diamond inclusion-type spinels, together with subcalcic G10 garnets, crystallize as 
exsolution phases from residual orthopyroxenes in the mantle after komatiite extraction. 
The exsolution of the garnets from the residual orthopyroxenes will progressively deplete 
AI in the residual pyroxene while Cr-enrichment occurs. Spinel exsolving from the 
pyroxene will therefore become increasingly Cr-rich. This may result in zonation patterns 
within the spinels exhibiting increasing Cr203 contents from centre to edge({:(Daniels, 
1991). 
Two eclogitic garnets, the larger exposed and the smaller totally encapsulated were 
recovered from diamond DI 336. The larger, exposed garnet was marginally poorer in 
FeO and richer in MgO than the smaller, unexposed garnet. The exposed garnet was 
analyzed for centre and edge compositional variations. No significant variations were 
observed. 
Compositional Diversity 
A significant feature of the Dokolwayo diamond inclusions is that they perhaps illustrate a 
far more diverse assemblage of chemical environments than previously reported from other 
southern African localities. On a macro scale the Dokolwayo diamond inclusions can 
predominantly be divided into the peridotitic and eclogitic parageneses. Significant 
differences between these two parageneses are illustrated by the clinopyroxenes. The 
eclogitic pyroxenes are characterized by distinctly lower Cf203 and higher Ti02 contents 
than observed in the peridotitic clinopyroxenes. This indicates a fundamental distinction 
between the eclogitic and the calcium saturated lherzolitic/wehrlitic regions of these 
environments. 
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Within a single macro chemical environment (peridotitic or eclogitic) there is significant 
diversity. This is clearly illustrated by the diverse characteristics of the peridotitic garnets, 
where, based on the relationship between CaO and Cr20:3, there are at least four different 
groups of garnets. Furthermore, it is possible to illustrate chemical diversity on an even 
smaller scale. Within the subcalcic environment there is a broad range in the degree of 
calcium depletion (0.43 - 2.50 wt% CaO) which is not linearly correlated with relative 
chromium enrichment (5.45 - 13.1 wt% CQO); Figure 5.3). Therefore, within a micro 
environment (e.g. subcalcic) there is distinct inhomogeneity. This inhomogeneity is even 
more dramatically illustrated by the gross variation in the compositions of spinels "recovered 
from single diamonds (DI 328, DI 331) and by the observed inhomogeneity in olivine and 
garnet compositions in diamond DDI 54. All three of these diamonds are less than 2 mm 
in diameter. It is of interest to note that Gurney et al. (1984b) and Hill (1989) have 
recorded similar major inhomogeneities in spinel compositions from a Roberts Victor 
diamond and Star diamond respectively. 
The chemical diversity and inhomogeneity of the upper mantle as indicated by mantle-
derived xenoliths have received considerable attention in the past (e.g. Gurney and Harte, 
1980; Dawson, 1980). Assuming a minimum pressure of formation of45 - 50 kbars for 
the crystallization of the Dokolwayo diamonds, the diamond inclusions from Dokolwayo 
point to a very inhomogeneous and chemically diverse upper mantle at pressures greater 
than 45 kbars in the vicinity of Dokolwayo. In turn, this observed diversity and 
inhomogeneity suggests a complex history of upper mantle development within the 
diamond stability field. 
Eclogitic Environments 
A peculiar feature of the Dokolwayo eclogitic diamond inclusions is that garnet and 
'" 
clinopyroxene were not found to co-exist in any of the diamonds in this study, although 
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both minerals were recovered as inclusions. Due to their bulk chemical compositions, 
mantle-derived eclogites are commonly suggested to be subducted basalts. The 
fundamental, mechanism for the transition from basalt to eclogite is associated with the 
breakdown of the plagioclase end-members albite and anorthite to form jadeite 
(NaA1Si206)- and grossular (Ca3Al2Si3012)-bearing phases. In the case of Dokolwayo a 
subducted basalt origin for eclogitic material would be consistent with the early Archaean 
tectonic models proposed for the area by De Wit and co-workers (1987; 1990). Eclogitic 
garnet inclusions in diamonds from southern African kimberlites define three distinct 
compositional fields with a few outliers within an FeO-CaO plane (Figure 5. 7). All but 
four inclusions defining Field I are from Premier. The four exceptions are one garnet from 
Orapa and three from Dokolwayo. Field II is defined by inclusions from Finsch, 
Koffiefontein, Jwaneng, Roberts Victor, Orapa, Premier anct. Dokolwayo. Field III 
represents diamond inclusions from Koffiefontein, Jwaneng, Orapa, Finsch, Premier and 
Dokolwayo. Two garnets from Star are. the most calcic eclogitic garnets recovered from 
diamonds in southern Africa. Assuming that eclogites are subducted oceanic basalts and 
that the garnet compositions from eclogitic-suite diamonds are determined by the original 
basalt composition then there are at least three major geochemically distinct basalts that 
have been subducted into the diamond stability field. Alternatively, the inclusions may 
represent three different environments of metamorphism of subducted basalts. Only three 
kimberlites, Premier (Precambrian), Dokolwayo (Jurassic) and Orapa (Cretaceous) are 
represented in all three fields identified above. The wide geographical distribution and 
diverse age of the kimberlites within southern Africa from which these three distinct groups 
of eclogitic diamonds are recognized, suggest that: 
a) Kimberlites sampled similar eclogitic material from the deeper parts of the Kaapvaal 
Craton over a long period of time. 
b) Subduction of oceanic basalts, probably during the formation of the stable Kaapvaal 
Craton, took place over a wide geographical area. 
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Staurolite in the Mantle 
The unique discovery of staurolite in a diamond from Dokolwayo has several paragenetic 
and petrological implications. The staurolite was totally enclosed within the diamond from 
which it was recovered and there were no cracks leading to the inclusion. Due to slight 
frosting on the surface of the diamond it was impossible to observe any morphological 
control of the diamond on the staurolite crystal morphology. However, the staurolite was 
present as a discrete crystal within the diamond and is considered to be of primary origin. 
In addition to staurolite, graphite was recovered from the same diamond (DI3a'i 1). The 
composition of this staurolite (Appendix 5.a) is similar to the composition of staurolites 
from metapelites (Kasch, 1987) -but has slightly higher concentrations of both FeO and 
MgO than staurolites from eclogite-facies metapelites from the Champtoceaux Nappe in 
France (Ballevre et al., 1989). 
The primary nature of this staurolite inclusion in the diamond suggests that staurolite is a 
stable mineral phase in the mantle to a minimum depth of diamond crystallization. 
Diamond is considered to be a stable mantle phase at pressures in excess of 45 kbars 
(Kennedy and Kennedy, 1976). Schreyer (1988) has experimentally shown that Mg-
staurolite can be stable at temperatures in excess of 700°C and pressures from 13 kbar to 
beyond 50 kbar within the experimental MgO-A1203-SiQ:2-H20 system. However, there 
is no experimental work available to predict the stability of Fe-staurolite at high pressures. 
Staurolites have higher Mg/(Mg +Fe) ratios (XMg) than coexisting garnets in low- to 
medium-pressure metapelites, but the reverse is true in high-pressure metapelites (Ballevre 
et al., 1989). When XMgSt 2.. XMg Gt and Fe-Mg partitioning between staurolite and 
garnet is normal, the degenerate reaction 
Staurolite (St) =.Garnet (Gt) + Kyanite (Ky) 
will be coincident with 
Fe-St = Aim + Ky 
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which is a terminal staurolite-out reaction. However, where XMg St < XMg Gt and a 
reversal of Fe-Mg partitioning between garnet and staurolite occurs, the staurolite stability 
field is extended towards higher pressures and temperatures than in the case of a normal 
partitioning (Ballevre et al., 1989). 
The XMg of the Dokolwayo diamond inclusion staurolite is <0.25. The diamond 
inclusion eclogitic garnets from Dokolwayo all have XMg > 0.35. Assuming that these 
two mineral inclusions are derived from the same environment, then XMg St < X Mg Gt 
which is consistent with an extension of the staurolite stability field into higher pressures. 
The association of staurolite and elemental carbon (diamond and/or graphite) is not unique 
to Dokolwayo. The Fe-staurolite in the eclogitic facies matapelites in the Champtoceaux 
Nappe, France, also coexists with graphite (Ballevre et al., 1989). Tugovik et al. (1987) 
described diamonds from sphene-rutile eclogite bodies lacking omphacite pyroxene. These 
eclogitic bodies occur within local ring structures in an area of Archaean granulites. 
Amongst the accessory minerals in these diamondiferous eclogites Tugovik et al. (1987) 
recorded staurolite. 
The similarity between the compositions of staurolites from metapelites (Kasch, 1987) and 
the Dokolwayo staurolite, the presence of staurolite and graphite in eclogite facies 
metapelites (Ballevre et al., 1989), and the presence of diamonds and staurolite in eclogites 
(Tugovik et al., 1987) strongly suggests that the Dokolwayo staurolite - diamond 
association is indicative of pelitic sediments having been subducted to pressures in excess of 
45 kilobars and metamorphosed under eclogite facies conditions. 
The presence of subducted metapelites in the mantle below Dokolwayo is consistent with 
the model of De Wit et al. (1990) for the formation of early cratonic nuclei which suggests 
that, in addition to ocean floor basalts, small amounts of overlying sediments may have 
been subducted during the Archaean. Mazzone and Haggerty (1989) have suggested that 
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peraluminous xenoliths in the Jagersfontein kimberlite may be derived from an integrated 
multi-stage melting-metamorphic process which was preceded by the subduction of 
Archaean sediments. 
There is to date no evidence that staurolite crystallizes from a melt. Staurolite is 
commonly accepted as a metamorphic mineral. The encapsulation of a metamorphic 
mineral in a diamond as a primary inclusion raises questions about diamond crystallization 
within an eclogitic environment. 
A study of the internal structures of several Russian diamonds led Sunagawa (1984a,b) to 
conclude that diamonds crystallize from a solution and cannot be ,Products of crystallization 
under metamorphic conditions. The paragenesis, i.e. eclogitic or peridotitic, of the 
diamonds Sunagawa studied was not known. Yefimova and Sobolev (1977) indicate that 
the Siberian diamonds from Yakutia are predominantly (98%) represented by the peridotitic 
suite. It would thus seem likely that Sunagawa studied peridotitic diamonds rather than 
eclogitic diamonds to reach his conclusions on diamond crystallization. The encapsulation 
of a staurolite, which is commonly regarded as a metamorphic mineral, in a Dokolwayo 
diamond as a primary mineral inclusion suggests that this diamond crystallized under 
metamorphic conditions and not from a melt as proposed by Sunagawa (1984). Further 
evidence supporting the crystallization of diamonds under metamorphic conditions is the 
discovery of accessory diamonds included in garnets and zircons from garnet-biotite 
gneisses and schists in northern Kazakhstan, USSR (Sobolev and Shatsky, 1987). With 
increasing metamorphic grade and decreasing H/C ratios, graphite is the final product of 
the maturation of organic carbon (Kirkley and Gurney, 1989). At pressures within the 
diamond stability field this process of thermal maturation, recrystallization and 
metamorphism will result in the conversion of graphite to diamond. It therefore seems 
reasonable that diamonds grew during metamorphism of Archaean subducted basalts and 
associated sediments which were sampled from the mantle by the Dokolwayo kimberlite. 
TABLE 5.1 







Olv - Olv 
Olv - Gar 
Olv - Spn 
Cpx - Cpx 
Opx - Gar 
Gar - Gar 
Spn - Spn 
Spn - Zircon 





Staurolite - Graphite 
Gar - Gar 
Gar - Coes 
Gar - Ilmenite 
Gar - Diamond 
Coes - Coes 
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Gt - 01 
Gt - 01 





01 - Sp 
01 - Sp 
Table 5.2: Equilibrium temperatures calculated from Dokolwayo 
diamond inclusions using the thermometers of (1) O'Neill and 
Wood (1979), (2) Lindsley and Dixon (1976) and (3) O'Neill and 
Wall (1987). 
CHAPTER 5 - FIGURE CAPTIONS 
FIGURE 5.1 
Locality map of selected kimberlites in southern Africa. The approximate boundary of the 
present day Kaapvaal Craton is indicated. 
FIGURE 5.2 
Plot of CQ03 vs Ti02 (wt%) for diamond inclusion clinopyroxenes from Dokolwayo. 
Two of the peridotitic clinopyroxenes plot as a simgle point. 
FIGURE 5.3 
Plot of CaO vs Cf203 (wt%) for peridotitic diamond inclusion garnets from Dokolwayo. 
The 85% line is after Gurney (1984). · · 
FIGURE 5.4 
Histogram of the Ti~ (wt%) contents of the diamond inclusion spinels from Dokolwayo. 
FIGURE 5.5 
Plot of Na20 vs Ti~ (wt%) for eclogitic diamond inclusion garnets from Dokolwayo. 
FIGURE 5.6 
Electron microprobe scan spectra of black films in Dokolwayo diamonds (a) DI 380 and (b) 
DI 383. 
FIGURE 5.7 
Plot of CaO vs FeO (wt%) for all southern African eclogitic diamond inclusion garnets 
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99.22 ZrC2 66.38 
99.02 ZrC2 51104 
95.99 F 032 
99.43 ZilO 1.63 
99.53 


















































































































































































Average Metaceli11c Stauroltte Analyses (Kasel<. 1 967) 
KZlArim MET APELmE STAUROLmE 
K23Acore METAPELmE STAUROLmE 
K320Crim METAPELmE STAUROLmE 
K320Core METAPELmE STAUAOLmE 
KStE'Brim METAPELmE STAUAOLmE 



















































































































































































































































































































































































































































































































































































































99.43 ZnO 1.63 
99.20 ZnO 088 
99.29 ZnO 089 
98.95 ZnO 1. 72 
98.86 ZnO 1.63 
99.11 ZnO 1.45 





CHAPTER 6- DOKOLWAYO DIAMOND CARBON ISOTOPES 
ABSTRACT 
The carbon isotopic compositions of 88 diamonds from the Dokolwayo kimberlite were 
analyzed using standard methods (Chapter 2). The majority of the diamonds range between 
o13c 
-1 and -10°/00. The peridotitic diamonds are slightly enriched compared to the eclogitic 
diamonds. No distinct relationship exists between the compositions of eclogitic diamond 
inclusions and the isotopic compositions of the host diamonds. A correlation exists 
between Cf203 in the spinels and carbon isotopic compositions. The vapour source of the 
carbon from which the majority of the eclogitic and peridotiti~ diamonds crystallized is 
considered to be CH4. The source of the vapour is suggested to be CH4 degassing from 
the lower mantle or core and subsequent CH4 permeation of the upper mantle on a 
continuous basis. Significant zonation of o13c values from a single diamond suggests 
Rayleigh fractionation of a subducted carbonaceous source. Fractionation of carbon 
isotopes from a cubic diamond and a diamond with a polycrystalline coat appears to be 
limited. 
INTRODUCTION 
Carbon isotope compositions of diamonds have in the recent past attracted considerable 
amount of interest. The main feature of interest is the wide range in o 13c values (-35° I 00 
vs PDB) obtained from diamonds world wide (Galimov, 1984; Deines et al., 1984, 1986, 
1987, 1989; Hill, 1989; Otter, 1990; Kirkley et al., 1991). The majority of diamonds 
have o13c values between -2 and -9°/00 with an average of approximately -6°/00 . This 
average value is considered by most workers to be representative of primordial carbon in 









paragenesis, have o13c values which cover the range between organic carbon (o 13C --
300/00) and inorganic carbon (o13c -0°/00) .. This range in carbon isotope values has 
precipitated debate whether the carbon source of the diamonds are crustal and recycled or 
mantle in origin. 
In previous studies of southern African diamonds the tendency has been to investigate any 
possible relationship between the carbon isotopic composition of the diamond host and the 
chemical composition of the minerals included in the diamond (Deines et al., 1984; 1987, 
1989; Hill, 1989; McCandless et al., 1989; Kirkley et al., 1991). A similar approach has 
been adopted in this study of Dokolwayo diamonds. The carbon isotopic comp0sition for 
the majority of the diamonds from which minerals were recovered have been determined. 
For most of the sub-populations of diamond inclusions recognized at Dokolwayo the data 
are too limited to test for correlations between the o13c values and the chemical 
composition of the inclusions. However, it has been possible to investigate this 
relationship between ol3c and the composition between (1) peridotitic spinel and (2) 
eclogitic garnet inclusions. These two suites of inclusions are assumed to represent mantle 
and subducted material respectively and thus provides an opportunity to evaluate- carbon 
isotopes of diamonds from "primordial" and "subducted or recycled" sources. 
In addition to the inclusion diamonds, the carbon isotopic compositions of a cubic diamond 
and a polycrystalline diamond with a single crystal core were determined. A total of 88 
diamonds were analyzed for their isotopic compositions. Results are presented in Appendix 
6.a. 
PREVIOUS WORK 
Comprehensive data are at present only available from four southern African localities 
(Deines et al., 1984, 1987, 1989; Hill, 1989). Three of these localities are Cretaceous 1 
Group II kimberlites (Finsch, Star, Roberts Victor) while the other (Premier) is a 
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Precambrian Group I kimberlite (Smith, 1983). Dokolwayo is a Jurassic Group II 
kimberlite (Smith, 1983; Allsopp and Roddick, 1984). Deines et al. (1984) found that 
diamonds containing peridotitic clinopyroxenes and garnets tend to have higher o13c 
values than diamonds encapsulating olivine or orthopyroxene. It was also found that there 
was a broad correlation between the Mg/(Mg+Fe) ratio of the olivines, orthopyroxenes 
and garnets and the o13c values of the host diamonds. The diamonds with the more 13c 
depleted content were invariably characterized by minerals with lower Mg/(Mg+Fe) ratios. 
The Premier diamonds containing eclogitic mineral inclusions exhibit a significant positive 
correlation between o13c and CaO and negative correlations between o13c and MgO, 
Al203 and the Mg/ (Mg +Fe) ratios of the garnets. It was also found that eclogitic 
diamonds with o13c values larger than -4°/00 contain garnets ,with .higher Ca/(Ca+Mg) 
ratios than those with o13c values smaller than -4°/00 . 
The carbon isotopes from Finsch peridotitic diamonds follow the same trends with respect 
to the compositions of the inclusions as observed for the Premier diamonds. In contrast, 
compositions and the o13c values for eclogitic diamonds from Finsch that encapsulate 
garnets are significantly different compared to the Premier E-type diamonds (Deines et al., 
1984). 
Deines et al. (1987) found no correlation between o13c values and peridotitic silicate 
inclusions at Roberts Victor. It was found that spinel inclusions may be separated on the 
basis of their FeO/MgO and CQ03/ Al203 ratios into two populations whose hosts show a 
significant difference in their carbon isotopic composition. 
Two groups of eclogitic diamonds based on mineral compositions were identified at 
Roberts Victor. These two groups of E-type diamonds could also be distinguished on the 
basis of their carbon isotopic compositions. The one mode of eclogitic diamonds lies at -15 
to -16°/00 whereas the other coincides with that of P-type diamonds around -5 to -6°/00 . 
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Eclogitic garnets were recovered from the depleted diamonds only. Clinopyroxenes were 
recovered from both groups of eclogitic diamonds. The clinopyroxenes recovered from the 
depleted diamonds are relatively enriched in Al203, FeO and MnO and depleted in Si02, 
MgO and CaO compared to those from the second group of eclogitic diamonds (Deines et 
al.' 1987). 
The carbon isotopes of the Premier and Finsch peridotitic diamonds have been suggested to 
be related to depth of crystallization (Deines et al., 1984), but no such correlation could be 
found for the Roberts Victor diamonds. It was suggested that peridotitic diamonds with 
higher o13c values crystallized from a magma from an undepleted mantle at depths below 
the lithosphere. Diamonds with less depleted o13c values were suggested to have 
crystallized, together with highly depleted minerals, from melts at the base of the 
lithosphere (Deines et al., 1984). The carbon source for the peridotitic diamonds was 
suggested to be mantle-derived and therefore presumably "primordial" in origin .... 
The compositions of the eclogitic inclusions in diamonds from Premier, Roberts Victor and 
Finsch together with the o13c values of the associated diamonds suggest that these 
diamonds are not related to a continuous magmatic differentiation process, but indicates a 
source with compositional differences (Deines et al., 1984). 
RESULTS 
The Dokolwayo diamonds predominantly have o13C values between -1 and -10°/0 o 
(Figure 6.1). Only five diamonds were characterized by o13c values more depleted than-
10°/00 . Two of these depleted diamonds had coesite inclusions. The most depleted 
diamond (o13c = -22.3°/00) contained an albite inclusion. The diamond exhibiting the 
largest range in o13c values (DI 339; -15.2°/00 to -20.8°/00) had eclogitic garnet and 
sulphide as inclusions. Four of the five diamonds more depleted than -10°/00 are of 
eclogitic paragenesis. The only other highly depleted diamond (DI 324) was characterized 
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by zoning in colour as well as o13c values. The diamond had a colourless core and was 
progressively zoned to yellow on the external. surface. Three pieces of diamond were 
selected for carbon isotope analysis. The colourless core was the most depleted (ol3c = -
19.~/00). A yellow fragment without any external surfaces had a o13c of -17.3°/00 and 
a yellow fragment with external surfaces was the heaviest with o13c = -16.4°/00 . The 
diamond contained two chromium-rich spinels and a zircon as inclusions. The spinels 
recovered from this diamond were the only inclusion spinels recovered from diamonds 
during the course of this study with Mg/(Mg+ Fe) < 0.50. 
The cubic diamond was split in half. Fragments were recovered from the cent:r:e, middle 
and edge of this diamond. The o13c values of this cubic diamond show a consistent 
depletion signature from -3.6°/00 at the centre to -3.9°/00 at the edge. However, the 
range obtained is within 2u of experimental error. Similarly, the o13c values determined 
between the core of the single crystal diamond (-3.88°/00) with a polycrystalline coat (-
4. 05° I 00) are statistical! y insignificant. 
Six peridotitic diamonds were investigated for o13C variations. All four diamonds 
containing spinels and with o13c < -10°/00 were characterized by variations marginally in 
excess of experimental error. The one diamond containing olivine had a variation in o13c 
values of -1.2°/00. The largest range in o13c values observed in a peridotitic diamond 
was observed in the zoned diamond described above. 
Two fragments were analyzed from each of three eclogitic diamonds. No significant 
variation was observed in diamond DI 341, but diamond DI 367 containing an eclogitic 
garnet and a diamond as inclusions had a o13c range of -1.8°/00 from -3.4°/00 to -
5.2°/00. Diamond DI 354 contained a garnet only and had a o13C range from -6.4°/00 to 
-7.1oloo· 
52 
The peridotitic diamonds have an average o13c value of -4.1°/00 . The carbon isotopes of 
the main population of peridotitic diamonds appear to have a bimodal distribution (Figure 
6.2). This may be a function of sampling statistics. In contrast to the observations of 
Deines et al. (1984) there is no significant relationship between o13c and FeO of the 
spinels (Figure 6.3). However, there does appear to be a correlation between the carbon 
isotopic composition of the host diamonds and the Cr203 contents of the inclusion spinels 
(Figure 6.4). 
The average o13c value for eclogitic diamonds is -7.1° I 00. No compositional relationship 
between host diamond isotopic composition and garnet inclusion composition was 
observed. 
DISCUSSION 
Deines (1980) determined that under expected constraints on mantle physiochemical 
conditions C02 and C~ are the only plausible vapour sources from which diamond could 
precipitate. Deines (1980) invoked Rayleigh fractionation to model the distribution and 
range of diamond o 13c that would result during carbon precipitation from C02 vapour 
upon decreasing f~ and CH4 vapour upon increasing f02 in the diamond stability field. 
The initial conditions assumed were 1020°C at 45 kilobars and an initial isotopic 
composition and variability of the carbon source vapour of -5.0±0.3°/00 (la). Diamond 
precipitating from a C02 vapour would be depleted in l3c relative to the C02 vapour by 
approximately 4°/00 (Bottinga, 1969a). Therefore, the first diamond to precipitate from 
the CO:z reservoir would have a o13c value of -9°/00. Removal of this relatively 13c-
depleted diamond from the reservoir will result in a vapour becoming increasingly enriched 
in 13c during diamond crystallization. The distribution of o13C values in diamonds 
resulting from this process will be skewed toward o13c values greater than the initial 
diamond o13c value (Figure 6.5a). In contrast, diamond is enriched in 13c relative to 
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Cf4 vapour by approximately 1° I 00 (Bottinga, 1969a) and hence diamond precipitation 
from CH4 will give rise to a less marked negatively skewed distribution (Figure 6.5b). 
The main Dokolwayo eclogitic diamond population has a o13C distribution similar to the 
model distribution of Deines (1980) for the crystallization of diamonds from the oxidation 
of CH4 (Figure 6.6). This distribution suggests that the predominant carbon source of the 
eclogitic diamonds is CH4. It is unlikely that these Dokolwayo diamonds have a recycled 
source of carbon since their o13c values are consistent with a "primordial" carbon isotope 
range and not a "subducted, recycled" range of carbon isotopic compositions (Kirkley et 
al., 1991). There is a possibility that the carbon from which these eclogitic diamonds have 
crystallized was subducted and that very little fractionation from the primordial carbon in 
the subducted slab has occurred. However, the preferred alternative is the introduction of 
primordial CH4 into an oxidized eclogite. Elemental carbon will precipitate according to 
the reaction: 
The introduction of the CJ4 into the oxidized eclogite may be as a product of core or 
mantle degassing. It should be noted that the carbon isotopic fractionation between 
graphite and diamond is small (<0.5°/00 at 700°C; Bottinga, 1969b) and the isotopic 
composition of graphite is unlikely to change significantly through recrystallization to 
diamond. The CH4 re~uction in eclogite is therefore not necessarily confined to within the 
stability field of diamond. 
The o13c distribution of the peridotitic diamonds is characteristic of a "primordial II 
signature. The distribution curve does not conform exactly with the model distributions 
developed by Deines (1980) for the precipitation of carbon from either C02 or CH4. 
Nevertheless, the average o13c value of the peridotitic diamonds is not consistent with 
C02 being the carbon source of these diamonds. It is suggested that the main source of 
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carbon for the peridotitic diamonds is, similar to the main group of eclogitic diamonds, 
primordial CH4 degassing from the core or lower mantle. 
Swart et al. (1983) suggested that the trend from isotopically light cores to heavier rims on .,. 
coated diamonds could be the result of Rayleigh fractionation of C02. The maximum 
o 13C value attained during metamorphism of organic carbon is approximate! y -10° I 00. 
Crustal carbonaceous material range in o 13c values from -35° I 00 to -20° I 00 (Kirkley et 
al., 1991). The zonation pattern and values of carbon isotopes of diamond DI 324 suggest 
that the diamond is the product of Rayleigh fractionation of carbonaceous material. The 
refractory nature of the inclusions in this diamond suggests that it did not crystallize within 
an eclogitic environment. It is suggested that this diamond crystallized in a refractory 
spinel peridotite subducted in an Archaean tectonic environment as described by De Wit 
and Tredoux (1987). 
Cubes and polycrystalline diamonds have been suggested to be products of rapid 
crystallization from a saturated carbon source. The insignificant variation in carbon 
isotopes analyzed from a cubic diamond and from a diamond with a single crystal core and 
a polycrystalline coat suggests that these diamonds crystallized in an environment that was 
not conducive to large scale fractionations. In the event that these diamonds crystallized 
from a C02 vapour one would expect major depletion signatures during the early stages of 
crystallization and a gradual enrichment. The carbon isotopic values of these diamonds 
indicate that they are enriched in 13C. C02 therefore appears to be an unlikely vapour 
source for the crystallization of these diamonds. 
CHAPTER 6- FIGURE CAPTIONS 
FIGURE 6.1 
Distribution of ol3c values of all Dokolwayo diamonds analysed in this study. 
FIGURE6.2 
Distribution of o13C values of peridotitic Dokolwayo diamonds. These diamonds 
encompass all types of peridotitic assemblages, i.e. harzburgitic, lherzolitic, wehrlitic and 
dunitic. 
FIGURE6.3 
Plot of o13C values of spinel bearing diamonds from Dokolwayo yersus the FeO (wt%). 
contents of the inclusion spinels. 
FIGURE6.4 
Plot of o13c values of spinel bearing diamonds from Dokolwayo versus the CQ03 (wt%) 
contents of the inclusion spinels. 
FIGURE6.5 
o13c sampling frequency distributions of diamonds resulting from (a) C02 <- > C + 02 
and (b) CH4 <-> C + 2H2 at T = 1020°C, P=45 kbar, the carbon isotopic composition 
of the total vapour is initially -5.0 ± 0.3 °/00 (one standard deviation). After Deines 
(1980). 
FIGURE 6.6 
Distribution of o13C values of eclogitic Dokolwayo diamonds. These diamonds include all 
types of eclogitic assemblages, e.g. garnet, clinopyroxene, coesite, ilmenite, staurolite, 
graphite, feldspar, and diamond. 
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APPENDIX6a 
DOKOLWAYO DIAMOND CARBON ISOTOPES 
SAMPLE o13c PARAGENESIS INCLUSIONS 
NUMBER 
DI 351 -5.5 ECLOGITIC GARNET, ILMENITE 
DI 360 -5.7 ECLOGITIC GARNET 
DI 334 -4.2 ECLOGIDC GARNET 
DI 356 -4.3 ECLOGITIC GARNET 
DK44 -5.8 ECLOGITIC GARNET 
DI 355 -7.1 ECLOGIDC CLINOPYROXENE 
DK24 -5.8 ECLOGITIC GARNET 
DK29 -8.7 ECLOGITIC GARNET 
DI 354 -7.7 ECLOGITIC GARNET 
DI 388 -6.0 ECLOGITIC GARNET, COESITE 
DI 349 -6.9 ECLOGITIC COESITE 
DI 382 -11.5 ECLOGITIC COESITE 
DI 348 -4.7 ECLOGITIC COESITE, DIAMOND ~-
DIA311 -5.1 ECLOGITIC STAUROLITE, GRAPHITE 
DI 347 -6.2 ECLOGITIC GARNET 
DI 367 -5.2 ECLOGITIC GARNET, DIAMOND 
DI 344 -22.3 ECLOGITIC FELDSPAR 
DI 366 -7.1 ECLOGITIC ILMENITE 
DI 341 -4.3 ECLOGITIC GARNET 
DI 341 -4.4 ECLOGITIC GARNET 
DK 14 -5.5 ECLOGITIC GARNET 
DK 16 -4.9 ECLOGITIC COESITE 
DI 339 -20.8 ECLOGITIC GARNET, SULPHIDE 
DI 339 -15.2 ECLOGITIC GARNET, SULPHIDE 
DI 376 -5.2 ECLOGITIC CLINOPYROXENE 
DI 367 -3.4 ECLOGITIC GARNET, DIAMOND 
DI 338 -10.8 ECLOGITIC COESITE 
DK 31 -4.1 ECLOGITIC GARNET 
DI 336 -4.9 ECLOGITIC GARNET, COESITE 
DI 370 -3.9 ECLOGITIC GARNET 
DK36 -5.0 ECLOGITIC GARNET 
DI 335 -5.7 ECLOGITIC GARNET 
DI 353 -3.1 PERIDOTITIC GARNET 
DI 353 -3.8 PERIDOTITIC GARNET 
DI 306 -4.2 PERIDOTITIC SPINEL 
DI 323 -4.7 PERIDOTITIC SPINEL 
DI 332 -2.7 PERIDOTITIC SPINEL 
DI 320 -4.7 PERIDOTITIC SPINEL 
DI 331 -7.0 PERIDOTITIC SPINEL 
DI 331 -7.4 PERIDOTITIC SPINEL 
DI 307 -6.5 PERIDOTITIC GARNET, ORTHOPYROXENE 
DI 330 -2.1 PERIDOTITIC SPINEL 
DI 330 -1.6 PERIDOTITIC SPINEL 
DI 317 -4.7 PERIDOTITIC SPINEL 
DI 342 -2.9 PERIDOTITIC OLIVINE 
DI 308 -3.3 PERIDOTITIC SPINEL 
DI 304 -3.3 PERIDOTITIC GARNET 
APPENDIX 6a 
DOKOLWAYO DIAMOND CARBON ISOTOPES 
SAMPLE o13C PARAGENESIS INCLUSIONS 
NUMBER 
DI 305 -2.9 PERIDOTITIC SPINEL 
DI 305 -2.5 PERIDOTITIC SPINEL 
DI 391 -3.4 PERIDOTITIC SPINEL 
DI 350 -1.9 PERIDOTITIC GARNET 
DI 364 -4.0 PERIDOTITIC CLINOPYROXENE 
DI 302 -4.4 PERIDOTITIC SPINEL 
DI 389 -4.9 PERIDOTITIC OLIVINE 
DI 310 -4.5 PERIDOTmC SPINEL, OLIVINE 
DI 316 -3.0 PERIDOTITIC ORTHOPYROXENE 
DI 319 -5.1 PERIDOTITIC SPINEL 
DI 315 -4.9 PERIDOTITIC SPINEL 
DI 329 -3.1 PERIDOTITIC SPINEL t,. 
DI 309 -4.6 PERIDOTITIC SPINEL 
DI 309 -3.7 PERIDOTITIC SPINEL 
DI 328 -4.3 PERIDOTITIC SPINEL 
DI 328 -4.7 PERIDOTITIC SPINEL 
DK6 -2.5 PERIDOTITIC SPINEL 
DI 333 -4.0 PERIDOTITIC SPINEL 
DI 337 -4.6 PERIDOTITIC SPINEL 
DI 374 -4.8 PERIDOTITIC SPINEL 
DI 375 -3.4 PERIDOTITIC GARNET 
DI 362 -6.1 PERIDOTITIC SP,OL,CPX,OPX 
DI 303 -3.8 PERIDOTITIC SPINEL 
DI 311 -4.8 PERIDOTITIC SPINEL 
DI 324a -19.7 PERIDOTITIC SPINEL, ZIRCON 
DI 324b -17.3 PERIDOTITIC SPINEL, ZIRCON 
DI 324c -16.4 PERIDOTITIC SPINEL, ZIRCON 
DI 312 -5.2 SULPHIDE SULPHIDE 
DI 368 -3.4 SULPHIDE SULPHIDE 
DI 361 -4.2 SULPHIDE SULPHIDE 
DI 346 -5.2 SULPHIDE SULPHIDE 
DI 380 -7.7 SULPIDDE SULPIDDE 
DI 313 -6.9 SULPHIDE SULPIDDE 
DI 357 -6.2 SULPHIDE SULPHIDE 
DI 363 -8.0 WEBSTERITIC CPX, OPX, COESITE 
DI 381 -8.9 ZIRCON ZIRCON 
DI 401 -4.6 UNKNOWN UNKNOWN 
DI 301 -5.3 UNKNOWN DIAMOND 
DI 390 -4.2 UNKNOWN UNKNOWN 
DI 394 -4.3 UNKNOWN DIAMOND 
DI 396 -5.7 UNKNOWN DIAMOND 
DI 378 -4.3 UNKNOWN GRAPHITE 
DI 405 -4.2 UNKNOWN UNKNOWN 
DI 340 -4.2 UNKNOWN MAGNETITE, SPHENE 
APPENDIX 6a 
DOKOLWAYO DIAMOND CARBON ISOTOPES 
SAMPLE 513C PARAGENESIS INCLUSIONS 
NUMBER 
DI 365 -5.0 UNKNOWN .DIAMOND 
DI 392 -3.8 UNKNOWN GRAPHITE 
DI 383 -4.3 UNKNOWN DIAMOND, TiKAl-SILICATE 
DI 386 -5.6 UNKNOWN UNKNOWN 
DI 395 -5.1 UNKNOWN DIAMOND 
DI 380 -7.7 UNKNOWN CHLORITE, TiKAl-SILICATE 
DI SOlC -3.9 SINGLE CORE 
DI SOlP -4.1 POLYCRYSTALLINE 
DIS02C -3.6 CUBE-CENTRE 
DI S02M -3.6 CUBE - MIDDLE ~-
DI S02E -3.9 CUBE- EDGE 
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CHAPTER 7- DOKOLWAYO CONCENTRATE GARNETS 
ABSTRACT 
Approximately 55% of the Dokolwayo kimberlite concentrate consists of garnet. A 
representative suite of concentrate garnets was analyzed. Crustal garnets suggest the 
presence of granulite facies rocks at depth. The majority of the garnets are Cr-poor. 
Eclogitic garnets were more magnesian and less sodic than eclogitic diamond inclusion 
garnets, suggesting a shallower, more refractory source for the concentrate garnets. There 
is a positive relationship between Ti02 and Na20 in the eclogitic garnets. Both megacryst 
and xenocryst garnets were identified to belong to the Cr-poor megacryst suite common in 
Group I kimberlites. The megacrystic garnets have > 0.07 wt% Na26 suggesting a high 
pressure source. Prior to this study these garnets had not been reported from Group II 
kimberlites. Garnets similar in composition to garnets from high-temperature deformed 
peridotites were also identified. Approximately 5% of the Dokolwayo kimberlite 
concentrate consists of subcalcic G 10 garnets, which is consistent with the presence of 
diamonds. 
7.1 INTRODUCTION 
Gamet is one of the most common accessory minerals in kimberlite and, due to its 
resistance to chemical weathering and distinctive chemistry, is an important diagnostic 
mineral in kimberlite exploration. Garnets are readily obtained from heavy mineral 
concentrates recovered during diamond extraction processes. Concentrate garnet 
xenocrysts in a kimberlite are considered to have been derived from the disaggregation of 
mantle xenoliths and crustal rocks which were sampled by the kimberlite during 
emplacement. 
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The mineral compositions of mantle derived garnets are commonly distinctive with respect 
to source rock. It is thus possible to infer the presence of a garnet-bearing mantle 
assemblage on the basis of the composition of a specific garnet (e.g. garnet lherzolite, Cr-
poor garnet megacryst suite). In the absence of an extensive population of xenoliths from a 
kimberlite, as in the case of Dokolwayo, a comprehensive study of the concentrate garnet 
xenocrysts can provide a valuable insight into the broad petrological nature of the upper 
mantle, even though a study of this nature does suffer certain limitations. It can only be 
qualitative and not quantitative with respect to the volumetric distribution of garnet-bearing 
assemblages in the upper mantle, i.e. it is only possible to establish the presence of an 
assemblage, but it is impossible to relate its abundance to other assemblages. Furthermore, 
a study based on garnets cannot shed light on the nature, presence or absence of garnet-free 
~ ~ -
assemblages (e.g. MARID-suite rocks, pyroxenites, dunites) which may be petrologically 
and volumetrically important in mantle reconstructions. 
Irrespective of these constraints, a concentrate garnet study can yield useful information 
regarding the mantle composition, heterogeneity, mantle processes and paragenetic 
constraints on associated minerals and the kimberlite itself. 
7.2 DOKOLWAYO GARNET POPULATIONS 
A suite of more than 3500 xenocrystic garnets in the size range +0.5 mm to -2 mm has 
been examined in terms of colour. The majority of the garnets (-70%) are varying shades 
of orange, whereas the remaining -30% are red, mauve and lilac coloured. Pale pink and 
green garnets form a very minor part ( < 1%) of the xenocryst suite. Grains from all 
colour groups were analyzed. In a previous study of the Dokolwayo garnet population 
(Hawthorne et al., 1979) no subcalcic chromium-rich garnets were reported. These garnets 
have a distinctive lilac colour and have been shown to be present in the concentrates of 
diamondiferous kimberlites (Gurney and Switzer, 1973; Sobolev et al., 1973; Boyd and 
Gurney, 1982; Gurney, 1984). Since the Dokolwayo kimberlite is (a) diamondiferous and 
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(b) these garnets occur as inclusions in Dokolwayo diamonds, a disproportionate number of 
lilac coloured garnets were selected for analysis in an effort to establish the presence of 
these subcalcic garnets in the concentrate. All concentrate analyses are presented in 
APPENDIX 7.a. 
7.2.1 CRUSTAL GARNETS 
A number of pale pink garnets (n=23) from the Dokolwayo concentrate were analyzed. 
These garnets probably have a crustal origin. Two distinctive suites have been reeognized. 
A very minor suite ( < < 1%) is represented by a garnet (DG-287) which is characterized 
by its high MnO (14.8 wt%) and FeO (27.1 wt%) contents and depleted MgO (0.76 wt%) 
and CaO (0. 75 wt% ). 
The majority of the pink garnets are almandine - pyrope solid solutions with a minor 
grossular component and characterized by FeO 24.1 - 33.9 wt%, MgO 4.58 - 11.7 wt% 
and CaO 0. 74 - 6.27 wt%. These garnets commonly contain quartz inclusions, which is a 
major factor in assigning a crustal origin. Quartz does not occur in deep mantle rocks, but 
may be pseudomorphous after coesite. 
Almandine - pyrope garnets are typical phases of granulite facies metamorphic rocks (Deer 
et al., 1966; Winkler, 1974). The presence of these garnets in the Dokolwayo concentrate 
suggests that granulite facies rocks are present in the crust below Dokolwayo. 
7.2.2 ECLOGITIC GARNETS 
The majority of the Dokolwayo garnets (70%) are chromium-poor ( < 2.5 wt% CQ03) 
and, excluding the most calcic garnets analyzed, are restricted to a narrow range of 
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MgO/(MgO+ FeO) ratios [MgO/(MgO+ FeO): 0.60 - 0.90; Figure 7.1]. Approximately 
55% of these chromium-poor garnets have been assigned to an eclogitic paragenesis. 
These eclogitic garnets are characterized by a wide range in compositions. MgO is within 
the range of 12.1 - 22.6 wt%, FeO 5.80- 19.9 wt% and CaO 2.74- 9.08 wt%. Two 
garnets of more calcic compositions which extend this range were reported in an earlier 
study of Dokolwayo garnets (Hawthorne et al., 1979). The Na20 content (not detected -
0.15 wt%) of these garnets is positively correlated with Ti~ (not detected - 0.52 wt%; 
Figure 7.2). 
With the exception of three xenocrysts, all the eclogitic concentrate garnets are depleted in 
FeO and CaO and enriched in MgO compared with the majority of the eclogitic garnets 
extracted from Dokolwayo diamonds (Figures 7.3, 7.4). 
7.2.3 CHROMIUM-POOR GARNET MEGACRYSTS 
Both xenocrystic and megacrystic ( > 1cm) garnets at Doko1wayo have similar 
compositional ranges to those established for the Monastery (Jakob, 1977; Moore, 1986), 
Orapa (Shee, 1978) and Lekkerfontein (Robey, 1981) Cr-poor megacryst suites. The 
Dokolwayo garnet megacryst suite is characterized by CQ03 0.04 - 1.55 wt% Ti02 0.48 -
1.28 wt% and Na20 0.09 - 0.22 wt%. The compositions of these garnets show that there 
is a strong positive correlation between Na20 and FeO (Figure 7.5a) whereas there is a 
tendency for Ti02 to decrease with increasing FeO (Figure 7.5b). Elsewhere this is due to 
ilmenite crystallization, but ilmenite is not present as xenocrysts or megacrysts at 
Dokolwayo. In respect to rarity of ilmenite in the megacryst suite, Dokolwayo resembles 
Jagersfontein. 
Fifteen samples spanning the upper range of Mg-numbers (atomic Mg/(Mg+ Fe)) displayed 
by the Dokolwayo megacryst suite was selected for trace element analysis by R.O. Moore 
using the proton microprobe housed in the HAlF laboratory at the CSIRO in Sydney, 
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Australia (Moore et al., 1990). The results have been presented by Moore et al. (1990; 
Appendix 7.c). 
7.2.4 PERIDOTITIC GARNETS 
7 .2.4a Lherzolitic Garnets 
The majority of peridotitic garnets analyzed in this study is confined to the lherzolite trend 
(Figure 7.6) of Sobolev et al. (1973). The compositions of these lherzolitic garnets are 
characterized by Ti02 not detected- 0.58 wt%, Cf203 1.45-9.61 wt%, MgO 18.9- 21.7 
wt% and CaO 3.85- 6.13 wt%. They are further characterized by Na20 ~ 0.11 wt%. 
Three subgroups of these lherzolitic garnets require more detailed consideration. 
i) Alexandritic garnets are identified by their distinctive dichroic behaviour. These garnets 
generally have a deep purple appearance, but have a greenish-blue tinge at thin edges. 
Four alexandritic garnets were analyzed from the Dokolwayo concentrate. These garnets 
have Ti02 not detected- 0.15 wt%, Al203 16.8- 18.2 wt%, Cf203 8.10-9.61 wt% and 
CaO 5.68 -6.74 wt%. The low Al203 contents reflect the c~+ in octahedral 
coordination. Concomitantly, MgO is replaced by CaO, suggesting a significant uvarovite 
component in these garnets. 
Generally, the lherzolitic garnets at Dokolwayo have Ti02 < 0.50 wt%. However, a 
number of the garnets on the lherzolite trend have Ti02 > 0.50 wt%. These garnets plot 
into two distinctive groups in a field defined by the Ti02 and Cf203 contents of the 
lherzolitic garnets (Figure 7. 7). 
ii) The chromium and Ti02-rich population has Cr203 in the range 3.96 - 7.42 wt%, 
Ti02 0.52 - 0.58 wt%, MgO 19.3 - 21.2 wt%, CaO 4.73 - 5.78 wt% and Na20 0.07 -
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0.09 wt%. Similar garnet compositions have been reported from the Finsch garnet 
concentrate (Gurney and Switzer, 1973). 
iii) The second Ti02-rich lherzolite population is characterized by low Cr203 (1.57 - 2.15 
wt%). They are also characterized by Ti02 0.55- 0.68 wt%, MgO 20.3- 21.1 wt%, CaO 
4.02 - 4.82 wt% and Na20 0.07 - 0.10 wt%. These garnets are the "Lo-chrome 
metasome" garnets in Figure 7. 7. 
7.2.4b Chromium-rich Subcalcic Garnets 
The results of this study indicate that approximately 5% of the Dokolwayo garnet 
concentrate may be classified as chromium-rich subcalcic garnets. These garnets have 
TiD2 not detected to 0.17 wt%, CQ03 2.24- 8.75 wt%, MgO 20.7-25.1 wt% and CaO 
0.29- 3.84 wt%. These garnets· are similar in composition (Figure 7.6) to the subcalcic 
garnets reported from the Finsch concentrate (Gurney and Switzer, 1973) and plot within 
the subcalcic field as defined by the 85% line .of Gurney (1984). Although the Ti02 
contents of these Dokolwayo garnets may ·appear to be high for this type of garnet, the 
maximum observed concentration of Ti02 (0.17 wt%) in the Dokolwayo subcalcic garnets 
is within analytical error of the Ti02 concentrations reported by Gurney and Switzer 
(1973) for the Finsch concentrate subcalcic garnets (i.e. 0.15 wt% Ti02). 
7.2.4c Deformed Peridotite Garnets 
Chromium-poor and titanium-rich garnets, similar in composition to garnets reported from 
deformed peridotites (Nixon and Boyd, 1973), were analyzed from the Dokolwayo 
concentrate. These garnets have Ti02 0.88 - 1.08 wt%, Cr203 1.45 - 2.63 wt%, FeO 
7.93- 9.10 wt%, CaO 4.19 ~ 4.62 wt% and Na20 0.11 - 0.14 wt%. They are more 
titaniferous than the lherzolitic garnets described above (Figure 7. 7) and have higher 
CQ03 concentrations than the chromium-poor megacrysts (Figure 7.7). Their sodium 
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contents are similar to the Na20 concentrations of the chromium-poor megacrysts, but are 
generally higher than the Na20 levels of the lherzolitic garnets (Figure 7.8). 
7.2.4d Green Gamet 
One green garnet was analyzed from the concentrate. This garnet (DG-001) has CQ03 
13.6 wt%, MgO 15.5 wt% and CaO 11 wt%. 
7.3 DISCUSSION 
7.3.1 Eclogitic Garnets 
The general disparity between the compositions of the concentrate and diamond inclusion 
eclogitic garnets (Figures 7.2, 7.3, 7.4) is a phenomenon that has been recorded at other 
kimb,erlites in Southern Africa (Gurney et al., 1984b, Deines et al., 1987). In the past the 
tendency has been to attribute the differences in composition between concentrate and 
diamond inclusion garnets to post diamond formation equilibration processes (Gurney et 
al., 1984b); of rationale for this argument is that diamonds are geochemically impermeable 
and protect inclusions from open system re-equilibration processes. While it would be 
convenient to argue that similar reasoning accounts for the observed differences in 
concentrate and diamond inclusion eclogitic garnets at Dokolwayo, alternatives should be 
investigated. 
Archaean tectonic models suggest that continental nuclei in the region of Dokolw~yo may 
have formed as a result of rapid regional intracratonic obduction of oceanic basalts and 
sediments, leading to stacking and subsidence of hydrated simatic thrust piles containing a 
large (25%) ultramafic component (Figure 3.2; De Wit et al., 1990). The subsiding thrust 
piles would have the effect of depressing depleted dunitic-harzburgitic residues to 
• 
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increasing depths forming tectospheric keels of metamorphosed peridotites and basalts with 
possible intercalated metasediments. 
It is unlikely that all the basalt being metamorphosed to eclogitic facies will be subducted to 
within the diamond stability field. The more probable situation is that the majority of 
eclogites will equilibrate in the graphite stability field. It is assumed that there is not an 
undue bias in the method of sampling eclogites in the mantle by the rising kimberlite. The 
kimberlite will therefore be expected to sample a lesser volume of eclogites in the diamond 
stability field than the volume sampled at lower pressures. This sampling effect should be 
apparent in the concentrate. 
The MgO/(MgO+ FeO+CaO) ratio of the eclogitic concentrate and diamond inclusion 
garnets suggest that the eclogite from which the diamonds were derived was less depleted 
than the eclogites from which the majority of the concentrate garnets were derived. 
The observation presented above suggests that there may be a negative relationship between 
depth of subduction, and hence pressure, and the degree of depletion as reflected in the 
compositions of the eclogitic garnets. It has been suggested that Na is increasingly 
substituted in garnets with an increase in pressure (Sobolev and Lavrent'ev, 1971; Bishop 
et al., 1976, 1978). It may therefore be expected that (1) the sodium contents of the 
concentrate garnets are lower than those in diamond inclusion eclogitic garnets and (2) that 
the relationship MgO/(MgO+FeO+CaO) vs Na20 (Figure 7.9) be characterized by a 
negative slope. The observed trends in Figures 7.2 and 7.9 are consistent with the_ above 
observation. 
7.3.2 Megacrysts and Deformed Peridotite Garnets 
The suite of megacryst garnets analyzed for trace elements by Moore et al. (1990) do not 
cov~r the entire spectrum of atomic Mg/(Mg+Fe) ratios [Mg#] exhibited by these garnets 
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at Dokolwayo. The Dokolwayo garnets (Figure 7.5b) extend to the lower Mg# observed in 
the Monastery megacrysts (Gurney et al., 1979b). However the parabolic relationship 
between the Mg# and Ti02 observed at Monastery is absent from Dokolwayo. This is 
consistent with the apparent absence of ilmenite megacrysts from Dokolwayo. Moore et al. 
(1990) have observed that the negative trends between Ti, Zr and Y with FeO enrichment 
are opposite to trends expected from normal igneous fractionation processes. 
The deviation from normal igneous fractionation trends may be due to an unusual 
megacryst assemblage at Dokolwayo. A small number of rutile megacrysts have been 
recovered from the Dokolwayo concentrate. These rutiles contain <0.50 Wt% FeO 
(Appendix 7.b). It is unlikely that these rutile megacrysts are related to the eclogitic 
paragenesis as no exsolved rutile needles have been observed in eclogitic garnet xenocrysts. 
In the event that these rutiles co-precipitated with the megacryst garnets, the partitioning of 
Ti02 into rutile would have a negative effect on the concentration of Ti02 in the garnets. 
A study of phase relations on the system CaO-FeO-Ti02 under strongly reducing 
conditions by Kimura and Muan (1971) has shown that it is unlikely that ilmenite and rutile 
will coexist at mantle pressures and temperatures. · The crystallization of rutile from the 
system will result in an overall increase in FeO in the liquidus phases and hence an increase 
in FeO in the coexisting garnets. The observed compositional trends are thus consistent 
with the presence of coexisting garnet and rutile and the absence of ilmenite from the 
megacryst suite. 
The positive relationship between Ti02 and Zr in these garnets suggest that Zr is depleted 
simultaneously with Ti02 from the garnets. However, analyses of the rutile megacrysts 
indicated that Zr was below detection limits. It is possible that rare zircon crystallized 
from the same melt as the megacryst garnets and rutiles, but has as yet not been recovered 
from the concentrates at Dokolwayo. 
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It is of interest to note that ilmenite is a common groundmass phase in Group I kimberlites 
as well as a common megacryst phase in Group I kimberlites. In contrast, ilmenite has 
been suggested to be absent from Group II kimberlites (Skinner, 1986), although it has 
been reported as a rare phase both in the concentrate and groundmass of the Group II 
New lands kimberlite (Daniels and Gurney, 1990). It would therefore appear that the 
presence, absence, or rarity of ilmenite as a megacryst phase in a kimberlite is commonly 
reflected by its abundance in the groundmass of that kimberlite. It is therefore of particular 
interest to note that the groundmass of the Dokolwayo kimberlite is characterized by the 
presence of a Ti02-rich ( > 90 wt% Ti02) phase while rutile is present as a megacryst 
phase. Due to low pressure of crystallization in the near surface kimberlite, the 
groundmass phase is probably anatase. Due to the small size and the skeletal nature of the 
probable anatase no attempt has been made to seperate the mineral for verification by X-ray 
diffraction. 
7. 3. 3 Alexandritic Garnets 
Four alexandritic garnets were analyzed from the Dokolwayo concentrate. These garnets 
have Mg/(Mg+Fe+Ca) 0.707 - 0.733 which is significantly lower than the 
Mg/(Mg+ Fe+Ca) ratios of the subcalcic garnets (0.881 - 0. 770). The compositions of 
these alexandritic garnets suggest that their formation is favoured by the stabilization of 
uvarovite at the expense of pyrope. Garnets with comparable compositions have been 
recorded from the Kao and Newlands kimberlites (Hornung and Nixon, 1973; Lawless, 
1974). Hornung and Nixon suggested that these Cr203 and CaO enriched garnets are the 
residual fraction of an ultra-depleted melt. However, the alexandritic garnets from 
Dokolwayo appear to be an extension of the lherzolite trend (Figure 7.6) which suggests a 
bulk compositional trend arid not a depletion trend. The Mg/(Mg+Fe+Ca) ratios of these 
garnets are also not consistent with a depletion trend. Daniels et al. (1991) have argued 
that the bulk composition of the upper mantle increases in Cf203 content with increasing 
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depth. It is possible that these alexandritic garnets are derived from greater depths than the 
less Cr203-rich G9 (Dawson and Stephens, 1975) garnets. 
7.3.4 Ti02-Rich Lherzolitic Garnets 
High titanium contents are unusual for lherzolitic garnets derived from coarse peridotites 
and are more consistent with high temperature deformed peridotites or metasomatised 
rocks. The small number of analyzed samples that are representative of these TiD2-rich 
( > 0.5 wt% Ti02) lherzolitic garnet populations, and the absence of xenoliths do not allow 
for definitive correlation with known garnet bearing xenoliths. However, Hops (1989) 
recorded deformed and metasomatised garnet peridotites from Jagersfontein with garnets 
' 
similar in composition to the Ti02- and Cr203-rich garnets recorded in the Dokolwayo 
concentrate. These deformed and metasomatised Jagersfontein peridotites were suggested 
to be a consequential product of the megacryst suite present at this locality. 
Hatton (1978) recorded a garnet peridotite from Roberts Victor (HRV 310) with garnet 
compositions similar to those of the TiD2-rich and CQ03-poor lherzolitic garnets at 
Dokolwayo. Hatton and Gurney (1987) suggested that these titaniferous Cr203-poor 
lherzolites are either in contact with eclogites or are derived from a metasomatised aureole 
around eclogites and will be metasomatised to a lesser or greater extent. 
It is suggested that the Cr-rich and Cr-poor sub-populations of Ti02-rich Dokolwayo 
garnets are derived from peridotites similar to those described by Hops (1989) and Hatton 
(1978). This observation is consistent with the presence of eclogites and megacrysts at 
Dokolwayo. 
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7.3.5 Chromium-Rich Subcalcic (G10) Garnets 
Subcalcic G 10 garnets have a very distinctive lilac colour that is similar in appearance to 
the colour of methylated spirits when sunlight shines through it. No subcalcic G 10 garnets 
were reported from Dokolwayo in an earlier extensive study of the Dokolwayo garnet 
compositions (Hawthorne et al., 1979). It has previously been shown that there is a close 
association between the presence of concentrate G10 garnets and the presence of diamonds 
in a kimberlite (Gurney and Switzer, 1973; Sobolev et al., 1973; Boyd and Gurney, 1982; 
Gurney, 1984). The presence of diamonds in the Dokolwayo kimberlite would therefore 
suggest that subcalcic G 10 garnets should be present in the concentrate. In· order to 
investigate the apparent dichotomy between the observations of Hawthorne et al.(1979) and 
those made elsewhere with respect to the expected presence of G10 garnets at Dokolwayo, 
emphasis was placed on analyzing lilac coloured concentrate garnets from Dokolwayo. 
The results of this study indicate that approximately 5% of the concentrate garnets from 
Dokolwayo are G10's. This is consistent with the presence of GlO garnets as inclusions in 
diamonds at this locality (Chapter 5). 
Unfortunately, there are insufficient numbers of G 10 diamond inclusions from Dokolwayo 
to make detailed comparisons with the concentrate garnets. However, there are a number 
of general features that warrant comment. Gurney et al. (1979) found that the diamond 
• 
inclusion G10's at Finsch were, in general, more depleted in CaO and relatively enric~ed 
in Cr203 when compared with the concentrate GlO's from that locality. The difference in 
composition between the concentrate and diamond inclusion garnets were attributed to the 
post-crystallization protection of the inclusion garnets from sub-solidus re-equilibration by 
the chemically inert diamond hosts (Gurney et al., 1979). At Dokolwayo the diamond 
inclusion garnets plot both within and outside of the field defined by the concentrate 
population. The affect of armouring the inclusions against post crystallization 
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compositional changes by the diamonds appears to be less significant at Dokolwayo than at 
Finsch. 
In a study of the diamond inclusions of Dokolwayo (Chapter 5) it was found that within a 
greater geochemical environment characterized by certain compositional characteristics (e.g 
CaO depletion and Cr203 enrichment) there may be distinct inhomogeneity on a small 
scale. At least two different groups of GlO garnets can be recognized within the 
Dokolwayo concentrate population, which is consistent with the observations made for the 
diamond inclusion population. It is therefore concluded that the concentrate is not derived 
from a horizon that has experienced a single depletion event. In contrast it is ~suggested 
that the G 10 garnets, both from the concentrate and the diamonds, are derived from a 
complex environment that has experienced various degrees of depletion of basaltic and/or 
komatiitic components. 
CHAPTER 7 - FIGURE CAPTIONS 
FIGURE 7.1 
Plot of MgO/(MgO+ FeO) versus CQ03 (wt%) for all the Dokolwayo concentrate garnets. 
FIGURE 7.2 
Plot showing NazO versus TiOz (wt%) for eclogitic concentrate and diamond inclusion 
garnets from Dokolwayo. 
FIGURE 7.3 
Plot of MgO versus FeO (wt%) for eclogitic concentrate and diamond inclusion garnets 
from Dokolwayo. 
FIGURE 7.4 
Plot of MgO versus CaO (wt%) for eclogitic concentrate and diamond inclusion garnets 
from Dokolwayo. 
FIGURE 7.Sa 
Plot of NazO versus FeO (wt%) for Cr-poor megacrystic garnets from the Dokolwayo 
heavy mineral concentrate. 
\ 
FIGURE 7.Sb 
Plot of TiOz versus FeO (wt%) for Cr-poor megacrystic garnets from the Dokolwayo 
heavy mineral concentrate. 
FIGURE 7.6 
Plot of CaO versus Crz03 (wt%) for peridotitic garnets from the Dokolwayo heavy 
mineral concentrate. The 85% line was defined by Gurney (1984). 
FIGURE 7.7 
Plot of Ti02 versus Cr203 (wt%) for peridotitic garnets from the Dokolwayo heavy 
mineral concentrate. 
FIGURE7.8 
Plot of Na20 versus Ti02 (wt%) for lherzolitic, megacrystic and deformed peridotitic 
concentrate garnets from Dokolwayo. 
FIGURE7.9 
Plot of MgO/(MgO+FeO+CaO) versus Na20 (wt%) for eclogitic concentra£e and 
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0.20 9.40 0.23 
0.54 9.62 0.22 
0.62 9.64 0.26 
0.59 9.46 0.24 
0.32 9.65 0.24 
0.29 9.22 0.25 
0.42 10.30 0.27 
0.55 9.81 0.25 
0.37 9.8t3 0.20 
0.12 1215 0.22 
0.11 11.84 0.23 
0.21 1 1.25 0.26 
0.15 11.04 0.23 
0.14 1Q.78 0.22 
0.32 10.71 0.23 
0.68 10.44 0.20 
0.15 10.41 0.20 
0.38 9.91 0.28 
0.46 9.86 0.23 
0.33 9.55 0.27 
0.71 9.22 0.27 
0.53 9.11 0.18 
0.37 9.07 0.24 
0.72 9.05 0.28 
0.01 ass a18 
0.04 1280 0.30 
0.16 11.36 0.31 
0.08 11.67 0.30 
aoo 1216 a28 
a05 14.63 0.34 
0.19 13.40 0.30 
0.14 1246 0.27 
0.13 13.10 0.28 
0.01 15.04 0.29 
0.08 33.86 1.12 
0.01 33.33 0.41 
0.01 3271 0.24 
O.Q1 3260 1.15 
0.01 3229 0.88 
0.05 31.93 0.26 
aos 31.76 a26 
0.01 31.75 1.52 
a06 31.72 a79 
0.01 31.43 , 0.22 
0.01 3091 0.54 
0.01 3065 0.21 
0.08 3046 0.56 
0.01 3QOO 0.19 
0.01 3Q02 0.19 
0.01 29.90 0.42 
0.01 29.88 0.21 
aoo 29.08 0.49 
0.01 28.00 0.35 
0.01 27.05 14.81 
0.28 25.88 0.42 
0.19 25.56 0.40 
0.14 24.13 0.33 
1.18 6.66 0.35 
1.02 5. 79 0.21 
1.00 6.85 0.26 
0.96 10.57 0.32 
0.55 10.61 0.27 
0.69 6.25 0.18 
0.77 6.79 0.29 
0. 73 7.08' 0.27 
0.62 831 0.30 
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21.67 .353 5.55 
21.55 356 6.18 
22.24 359 4.92 
22.04 382 s. 1 7 
21.85 3 82 5.50 
21.43 4.02 5.72 
21.55 4.23 6.45 
21.82 4.24 5.14 
21.17 4.36 5.50 
21.24 4.53 5.62 
21.30 '4.59 5.18 
21.09 4. 62 4.,64 
21.12 4.64 5.09 
21.20 4.72 4.98 
21.18 4.83 4.57 
20.90 4. as 5.139 
21.29 4.87 5.53 
20.87 4.90 s. 75 
20.47 4.92 6.04 
20.43 4.92 6.20 
20. 93 5. 09 5. 25 
20.97 5.10 5.63 
20.88 5.16 4.85 
20.87 5.19 5. 72 
20.90 5.27 5.70 
20.80 s. 29 5. 43 
20.54 5.30 6.39 
20.42 5. 31 5. 66 
20.04 5.44 6.07 
20.73 5. 49 5.21 
20.30 5. 74 5.69 
20.16 5.92 5.64 
1Q88 6.12 5.12 
20.23 6.39 5.45 
1 Q53 • 6.58 5.43 
1 Q37 s. 70 4.90 
19.10 6.83 5.90 
1861 7.52 6.19 
1857 7.68 6.12 
1877 7.94 6.07 
17.97 861 5.48 
11. 75 a 75 s. 78 
17.86 810 6.16 
1848 7.36 6.49 
1 Q07 6.80 5. 72 
20.29 5. 03 s. 54 
1 Q34 5. 73 s. 12 
20.21 5.48 6.47 










































































































































































































OXIDE RUT - 1 RUT - 2 RUT - 3 
Si02 N.D. N.D. N.D. 
Ti02 98.33 99.37 99.10 
Al203 N.D. N.D. N.D. 
Cr2o3 N.D. N.D. N.D. 
FeO 0.55 0.48 0.47 
MnO N.D. N.D. N.D. 
MgO N.D. N.D. N.D. 
cao N.D. N.D. N.D. 
Na2o N.D. N.D. N.D. 
K20 N.D. N.D. N.D. 
NiO N.D. N.D. 
BaO 0.54 0.39 
Zr02 N.D. N.D. 
SrO N.D. N.D. 
TOTAL 99.42 99.85 99.96 
Appendix 7.o 
GARNET MEGACRYSTS IN THE GROUP IT DOKOLWAYO 
KIMBERLITE, SWAZILAND. 
R.O. Moore, L.R.M. Daniels & J.J. Gurney. 
Department of Geochemistry, U.C.T., Rondebosch, 7700, RSA. 
In a study of the heavy mineral concentrate from the Group II (Smith, 1983) Dokolwayo 
kimberlite in Swaziland, Daniels & Gurney (1989) identified a suite of garnets which they 
interpreted to be representative of the Cr-poor suite of megacrysts. This represented a 
significant find, since it was previously believed that the occurrence of Cr-poor megacrysts 
was confined to Group I kimberlites. Directed investigations have since recognised the 
presence of garnet megacrysts in a large number of Group II kimberlites in South Africa, 
and work on characterising these suites is currently in progress. None of the other common 
constituent phases of the Cr-poor megacryst suite such as olivine, cpx, opx and ih~.1cnitc 
have been found at any of these localities to date. 
This contribution reports on the compositional characteristics of the Dokolwayo garnet 
megacrysts. A representative suite of thirty samples was selected for study from a large 
collection of garnet megacrysts sampled from the coarse tailings dumps at the mine. Since 
this material has been processed through the primary crusher, all samples were less than 2 
em in longest dimension. The garnets are deep red in colour, highly fractured and have thin 
kelyphitic rinds developed on grain margins. 
Major element compositions were determined on a Cameca Camebax microprobe, using 
routine analytical procedures. Core-rim analyses on a number of test samples revealed no 
compositional zoning and consequently analyses were undertaken on grain mounts of chips 
taken from the megacrysts. Fifteen samples spanning the range of Mg-numbers (atomic 
Mg/Mg +Fe, henceforth abbreviated to M#) displayed by the suite were selected for trace 
element analysis. These were undertaken on the proton microprobe housed in the HIAF 
(Heavy Ion Analytical Facility) laboratory at the CSIRO in Sydney, Australia. Details of 
this instrument and its application to the analysis of geological materials have been 
described by Sie (1985), Sie & Ryan (1986) and Griffin et al., (1988). The precision of the 
data is indicated by the uncertainties quoted for the representative analyses presented in 
Table 1. The accuracy of the method at similar levels has been established by analysis of 
standard materials (Griffin et al., 1988). 
In assessing the compositional characteristics of the Dokolwayo garnets, they are compared 
with Cr-poor garnet megacrysts from the Monastery kimberlite. This suite was chosen 
because it has been well documented and is considered to be broadly representative of 
garnet megacrysts in Group I kimberlites. 
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Appendix 7.c 
Figure 1: A selection of plots illustrating the compositions of garnet megacrysts from 
Dokolwayo. Compositional fields for Monastery garnets are included for comparison. 
Monastery data from Gurney eta!. (1979) and Moore (unpublished). 
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The Dokolwayo garnets show a restricted range in M# (75.2-82.3) which is on average 
more magnesian (but overlaps with) that observed for Monastery garnets (66.2-81.5) 
(Gurney et al., 1979; Moore, unpublished data). The plot of Cr20 3 vs M# (Fig. 1a) 
illustrates this and shows that the Dokolwayo garnets range to significantly higher values of 
chromium (.17-3.05 wt% Cr20 3) than those seen at Monastery. Another notable feature is 
the rapid decrease in chrome' over a very small range in M# displayed by the most 
magnesian Dokolwayo garnets. Titanium contents are high (0.66-1.18 wt% Ti02), but in 
contrast with the good correlation observed between Cr20 3 and M#, only a very diffuse 
trend of decreasing Ti02 with Fe-enrichment is observed (Fig. 1b). This trend is opposite 
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to what would be expected from a normal igneous fractionation process, and where it 
occurs in garnet megacrysts from Group I kimberlites, the titanium depletion is correlated 
with the coprecipitation of ilmenite (e.g. Gurney et a/., 1979). The absence of ilmenite 
megacrysts at Dokolwayo effectively rules out this explanation in this case. 
Table 1: Representative Analyses of Dokolwayo Garnet Megacrysts 
GT-27 GT-29 GT-23 GT-18 GT-15 GT-05 GT-16 GT-12 
Si02 41.84 41.74 42.86 41.76 41.70 42.09 42.00 41.99 
Ti02 .87 .93 .81 .75 .90 .74 .91 1.11 
AI20 3 22.89 22.84 22.95 22.91 22.83 22.74 22.04 22.07 
Cr20 3 .22 .19 .27 .38 .27 .41 1.37 .72 
FeO 11.59 10.78 9.96 9.99 9.61 9.51 8.68 8.27 
MnO .23 .24 .24 .24 .27 .25 .31 .26 
MgO 19.71 20.05 19.57 20.47 20.32 21.01 20.26 21.04 
CaO 3.37 3.40 4.02 3.46 3.62 3.51 4.40 4.28 
N~O .19 .16 .21 .15 .14 .14 .12 .11 
Total 100.91 100.33 100.89 100.11 99.66 100.40 100.09 99.85 
Zr 88.±_3 114.±.3 121.±.4 65.±_2 100.±_5 75.±.4 124.±.6 175±.6 
y 28±.1 24±.2 21±.2 26±.1 23±.1 24±.2 22±.2 31+3 
Ni 79±.5 101±.4 53±.6 156±.5 111±.4 141.±.5 -58.±_9 164:;.5 
Zn 40±.2 39±.2 38±.3 39±.2 33±.1 32±.1 19±.4 25±) 
Ga 17±.1 16±.1 18±.1 17±.1 15±.1 14.±.1 18.±_3 20±.3 
M# 75.19 76.82 77.78 78.50 79.03 79.74 80.62 81.93 
All sample numbers have the prefu WD-301; major element concentrations in wt%; trace elemellls in ppm. 
Uncertainties 011 trace elemellt values quoted to 1 sigma. A wide range of trace elements was analysed for, but 
only those present at significant levels are reported in this table. 
The Dokolwayo garnets show a limited range in CaO (3.3-4. 7 wt%) which is slightly larger 
than the even more restricted range commonly observed for garnet megacrysts in Group I 
kimberlites. They also show elevated trace levels of Na20 (0.10 to 0.21 wt%) which 
increases with Fe-enrichment. Trace enrichments of Na20 have been correlated with high 
formation pressures ( > 45 Kb) in eclogitic systems (e.g. McCandless & Gurney, 1989), and 
we believe this to be applicable here as well. 
Zr (51-183 ppm) andY (19-31 ppm) both show a good positive correlation with M# and as 
such, mimic the behaviour of Ti02. This is well demonstrated by the good positive 
correlation observed between Zr and Ti02 in Fig. l(c). Ni concentrations range from 53 to 
164 ppm and show a general decrease with Fe-enrichment. Zn ranges from 19 to 58 ppm 
and shows a good negative correlation with M# (Fig. ld), while Ga (14-23 ppm) shows a 
general decrease with Fe-enrichment but the trend is poorly defined. 
An important feature which has emerged from this preliminary study is that while the 
Dokolwayo garnets show similar basic compositional features to Cr-poor garnet megacrysts 




compositional trends they define are significantly different. This is clearly evident in Fig. 1. 
The fact that most elements show systematic variations with M#, may indicate that the 
garnets have formed in an igneous fractionation process, but the nature of the parent magma 
and coprecipitating phases is not clear at this stage. Assuming that they did have an igneous 
origin, the differences in trends noted between the Dokolwayo and Monastery suites could 
be readily explained in terms of differences in the nature and relative proportion of 
coprecipitating phases. 
The observed trends of decreasing Ti, Zr and Y with Fe-enrichment, are opposite to what 
would normally be expected from an igneous fractionation process. The most likely 
explanation for this is that these elements are being depleted by the coprecipitation of a 
phase (s) in which they are highly compatible. Ilmenite and zircon would be the most 
suitable candidates, but both of these phases are extremely rare (or even absent) in Group II 
kimberlites (Skinner, 1989). A small number of rutile megacrysts have been found at 
Dokolwayo and it is possible that the coprecipitation of this phase may account for some of 
the observed trends. 
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CHAPTER 8 - DOKOLW AYO CONCENTRATE SPINELS 
ABSTRACT 
Approximately 45% of the concentrate from the Dokolwayo kimberlite consists of spinel. 
More than 80% of the spinels (n=288) have CQOJ > 60 wt%. Approximately 10% of 
the spinels are deficient in divalent cations and are stoichiometrically Fe203-free. These 
spinels are suggested to have a significant content of divalent chromium, i.e. CrO. Two 
main populations are recognised. The one population has Ti~ < 0.6 wt% and has 
Ti~/Al203 < 0.2. The second population is Ti02-rich (generally > 0.6 wt%) and has 
Ti~/ Al203 > 0.2. The Ti02-poor population is similar in composition to the diamond 
inclusion population. A model is presented for the crystallization of the Ti~-rich 
population as an early cumulate phase of komatiite melts. 
8.1 INTRODUCTION 
Spinels are commonly found in the heavy mineral concentrates of kimberlites, particularly 
in Type II kimberlites. Although concentrate spinel chemistry. has been suggested to be 
potentially important in the field of kimberlite exploration (Mal'kov and Popova, 1972; 
Dong and Zhou, 1980; Gurney, 1984) spinel compositions from kimberlite concentrates 
have received remarkably little attention in the literature. The compositions of concentrate 
spinels are often reported in very general terms (e.g. Skinner and Scott, 1979), but 
intensive studies are uncommon. 
Lawless (1974), in what is probably the most extensive general investigation of South 
African kimberlite concentrate compositions available at present, documented the spinel 
compositions from several southern African kimberlites. It was noted that there is a 
similarity between the compositions of spinels occurring as inclusions in diamonds and 
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some of the spinels derived from kimberlite concentrates. Apart from concluding that the 
chromian concentrate spinels, particularly euhedral spinels, are unlikely to have been 
derived from spinel-lherzolites, Lawless also concluded that both the high chromium ( > 60 
wt% Cf203) concentrate spinels and spinel inclusions in diamonds suggested a paragenesis 
in a chrome-rich environment. 
Approximately 45% of the heavy mineral concentrate from the Dokolwayo kimberlite DKl 
consists of xenocryst (0.5 - 2mm) chromian-spinels. This abundance has afforded the 
opportunity to study the compositions of these spinels in detail. The objectives of this 
study were to identify the possible existence of sub-populations of spinel in the concentrate 
as well as investigating paragenetic models. 
8.2 CONCENTRATE SPINEL COMPOSITIONS 
The most outstanding feature of the Dokolwayo concentrate spinels is the consistently high 
chromium content. More than 80% (n =288) contain > 60 wt% CQ03. The highest 
determined concentration is 73.9 wt% Cr203. A similar Cf203 content in a spinel from 
Premier has been reported by Hunt (1987). Approximately 20% of the spinels have Cr203 
values in excess of the ideal stoichiometric limit of 67.9 wt%. Compositional ranges are 
presented in Table 8.1. The Fe203 contents of the spinels not exceeding the ideal 
stoichiometric Cf203 limit were calculated based on stoichiometric requirements. Full 
analyses are presented in APPENDIX 8.a. 
The Dokolwayo concentrate spinels exhibit a negative correlation between the C~ + and 
Al3+ (Figure 8.1). The correlation is non-linear at the chrome-rich end of the field and 
there is a marked deviation from the octahedral-site control line. This deviation from the 
control line is indicative of eith(!r one, or a combination of (a) the presence of cations other 
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than cr3+ and Al3+ in octahedral coordination [e.g. (Mg,Fe)2+, Fe3+, Ti4+] and (b) 
non-stoichiometry (Haggerty, 1976, 1979). 
The presence of Fe in both divalent and trivalent oxidation states in octahedral coordination 
[i.e. Fe2+ +Fe3+o4 and Fe2+(Fe2+Ti4+)04] induces non-stoichiometry in spinels 
(Haggerty, 1979). There is thus a positive correlation between the degree of non-
stoichiometry and the concentration of Ti~ and Fe203 in the spinels. In addition to 
contributing to the non-stoichiometry of the spinels, Fe3+ and (Fe2+Ti4+) successfully 
compete with Al3+ for octahedrally coordinated sites within the spinel structure relative to 
c~+, which further contributes to the observed deviation from the octahedral-site control 
line in Figure 8.1. The influence of Fe3 + and (Fe2 + + Ti4 +) on the deviation from the 
octahedral control line exhibited by Al3+ in the Dokolwayo concentrate spinels is clearly 
demonstrated in Figure 8.2 where [2*Ti4+ + Fe3+ + Al3+] is plotted against c~+. 
8.2.2 c~+- Ti4+ 
The correlation between cr3+ and Ti4+ in the Dokolwayo spinels is defined by a broad, 
negatively sloped field (Figure 8.3). A noteworthy feature of the trend is the extension of 
this field well into the region where chromium concentrations are in excess of the ideal 
stoichiometric limit (Cr3 + > 1. 77 cations/4 oxygens). The relatively high concentrations 
of the minor element oxide Ti02 (i.e. >0.7 wt%) in the Dokolwayo concentrate spinels 
are in contrast to the concentration levels of Ti~ observed in diamond inclusion spinels 
from Dokolwayo as well as from other southern African kimberlites (Gurney et al., 1979, 
1984a, 1984b; Rickard et al., 1989; Hill 1989; Gurney, unpubl. data; this study, Chapter 
5). A histogram of Ti02 concentrations in the concentrate spinels (Figure 8.4a) indicates 
that Ti~ in these spinels is bimodally distributed. The two populations, although some 
overlap does occur, can be broadly defined as a Ti02-poor population (Ti~ < 0.7 wt%) 
and a Ti~-rich (Ti~ > 0.7 wt%) population. The cutoff of 0.7 wt% Ti02 between the 
two concentrate spinel populations is convenient as this corresponds to the maximum 
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concentration of Ti02 in diamond inclusion spinels world wide (Daniels, 1991). The 
Dokolwayo concentrate Ti02-poor population correlates well with TiDl concentration 
levels observed in diamond inclusion spinels from southern African kimberlites (Figure 
8.4b). 
The relationship between Al203 and TiD2 in the Dokolwayo concentrate spinels defines 
two major populations and several minor sub-populations (Figure 8.5). The two major 
populations broadly coincide with the Ti02-poor and Ti02-rich populations defined above. 
There is some overlap towards the low Al203 ( < 3.5 wt%) end of the respective 
populations. The value TiD2/ Al203 = 0.2 is used as a convenient factor to define the two 
major populations (Figure 8.5). 
8.2.4 F~O] and c~+ 
The majority (90%) of the Dokolwayo concentrate spinels are characterised by the presence 
of Fe203 whereas approximately 10 percent of the spinels are stoichiometrically calculated 
to be Fe203-free. Most of these spinels exhibit a deficiency in cations (i.e. < 3.000 
cations/4 oxygens.), have Cf203 in excess of the stoichiometric limit and may contain 
TiD2. The excess chromium contents are due to a deficiency of divalent cations in 
tetrahedral coordination (cf meteoritic spinels; Bunch and Olsen, 1975) and a significant 
proportion of the chromium may be in the 2 + oxidation state. Based on the assumption 
that some of the chromium in these spinels is in tetrahedral sites, the weight percent oxides 
for three of the spinels have been recalculated on the basis of 3 cations per 4 oxygens. The 
results are presented in Table 8.2. 
It should be noted that these spinels with excess chromium are represented in both the 
TiD2-poor and the Ti02-rich populations and are also present on both sides of the 
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Ti02/ Al20:3 = 0.2 line (Tial-factor). Perhaps the most convincing case for the presence 
of Cr2+ in these spinels is sample CHR-76 (Table 8.2). No Ti02 was detected in this 
spinel and F~03 was calculated to be absent or below detection. However, there is a 
significant deficiency (0.9564) of divalent, tetrahedrally coordinated cations and an excess 
(2.0291) of trivalent, octahedrally coordinated cations in this spinel. Several possibilities 
may be inferred to explain these observations. It is possible that the spinel contains 
elements which have not been determined. In view of the total obtained for the analysis of 
this spinel (Table 8.2), it is unlikely that the addition of any elements which have not been 
accounted for will effectively alter the observations. A second possibility is that some of 
the trivalent cations are in tetrahedral coordination. The high preference for octahedral 
coordination within the spinel structure exhibited by both c~+ and Al3+ suggests that 
they are unlikely to be in tetrahedral coordination. The third possibility, and the one which 
is preferred, is that chromium occurs in both the divalent and trivalent oxidation states 
within the spinel. Based on crystal field site energy considerations (Burns, 1970a), divalent 
chromium will be tetrahedrally coordinated. The size of the Cr2 + cation will distort the 
crystal lattice of the spinel and it is likely that the spinel will be non-stoichiometric, which 
is consistent with the observed calculated deficiency of cations in these spinels. Reduction 
potentials for various oxidation states of, Fe and Cr (Table 8.3) indicate that cr+3 will 
reduce to c~+ before Fe2+ will reduce to iron metal. It is thus unlikely that the non-
stoichiometry of these spinels may be attributed to the presence of native iron. 
Unfortunately, in the absence of IR or Mossbauer spectra it is impossible to conclusively 
rule in favour of the presence of C~ + at present. Nevertheless, divalent tetrahedrally 
coordinated chromium is considered to be a strong candidate to account for some of the 
excess chromium in the concentrate spinels which have Cf20:3 above the stoichiometric 
limit. 
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8.2.5 Inverse Spinels 
The ulvospinel component (F~Ti04) of a spinel constitutes an inverse spinel and is 
expressed by the general formula R2+[R2+Ti4+]o4. Normal spinels are represented by 
the general formula R2 +[R3+]204. The high concentrations of Ti~ in the majority of 
the Dokolwayo concentrate spinels suggest that these spinels have a significant inverse 
spinel component. 
The increase in total Fe2 + in the spinels which is required to compensate for the degree of 
inverse component present in the spinels distorts any evaluation of the relationship between 
FeO and MgO without compensating for the inverse spinel component. In order to 
compensate for the inverse component it is necessary to remove the Fe2 + component 
associated with Ti4 + and hence it is best to evaluate the relationship between iron and 
magnesium on the basis of cations present per 4 oxygens. Two distinct populations may be 
observed in Figure 8.6. Although there is overlap between the two populations, the 
Ti~/Al203 > 0.2 population exhibits a shift towards lower corrected Fe2+ values than 
the Ti~-poor population. The range of corrected Fe2 + in the Ti02-rich population is 
also significantly narrower than the observed range in the Ti02-poor population. 
8.2. 7 Zoning 
The concentrate spinels were investigated for major element zonation. The spinels 
characterised by Ti02/ Al203 > 0.20 showed no marked zonation features, and in 
particular the Ti02 contents of these spinels were relatively constant in any individual 
spinel. The largest spinel analysed in this study was approximately 9 mm in diameter. Ten 
equidistant points were analyzed across this spinel. The data are presented in Figure 8. 7. 
No significant zonation in Ti02 and Al203 occurs across this spinel, which forms part of 
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the Ti02-rich and TiD2/ Al2D3 > 0.2 populations. This spinel has an average C£203 
content of 58.03 wt% with a standard deviation of 0.34 wt%. 
In contrast, some of the Ti02-poor spinels show significant zonation patterns in CQ03 and 
A1203 contents. The most significant feature is a strong increase in CQ03 from centre to 
edge whereas there is a corresponding decrease in Al203 from centre to edge (Table 8.4). 
The range in CQ03 cont~t from centre to edge in these zoned concentrate spinels is 
similar to the range observed in spinel inclusions from single diamonds (Chapter 5). It 
should also be noted that the TiD2 content of the spinels that are characterised by reversed 
Cr203 zonation is similar to the Ti02 concentration levels observed in diamond inclusion 
spinels. 
8.2.8 Trace Elements 
Three populations of concentrate spinels were analysed by J.J. Gurney for trace· 
concentrations of Ga, Zn and Ni. 
The three populations were identified on the basis of external shapes of the spinels. The 
shaPes of the spinels were defined as follows: 
a) Euhedral: 80- 100% of the original crystal faces can be 
identified. 
b) Subhedral: 20- 80% of the original crystal faces can be 
identified. 
c) Anhedral: Less than 20% of the original crystal faces can be . 
identified. 
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Two chemical populations can be identified when plotting Zn and Ga (Figure 8.8a). The 
majority of the euhedral spinels plot in a field which is separated from the diamond 
inclusion spinels. This suggests that the euhedral spinels are generally not related to the 
diamond inclusion spinels. In contrast, the majority of the anhedral spinels plot in the 
same field as the diamond inclusion spinels. The same relationship can be observed when 
plotting Ni and Ga (Figure 8.8b). 
Nickel generally has a positive relationship with Zn for the spinel population as a whole. 
However, the anhedral spinels and the diamond inclusion spinels are for the most part 
characterised by lower concentrations of both Zn and Ni as opposed to the euhedral spinels 
(Figure 8. 8c). 
The relationship between Al203 and Zn defines two major populations and a few scattered 
points. One population is defined by the majority of the diamond inclusion spinels and five 
of the anhedral spinels. None of the other concentrate spinels plot in this field (Figure 
8.9a). A similar relationship is exhibited by Ni and Al203 (Figure 8.9b). The concentrate 
spinels generally define a positive trend between Ni and Al20} and correspondingly a 
negative trend between Cr3 + and Ni (Figure 8.10). In contrast the diamond inclusions 
plot into a tight cluster. The clearest distinction between the different spinel groups are 
observed when plotting the trace elements against Ti~. The majority of the concentrate 
spinels analysed for trace elements have Ti02 > 0.7 wt%. All the spinels with Ti~ < 
0. 7 wt%, including the diamond inclusion spinels, plot into a tight cluster when plotting 
Ti~ against Zn, Ga or Ni (Figures 8.11a, 8.11b, 8.1lc). The spinels with Ti02 > 0.7 
wt% define a diffuse field when plotted against Zn (Figure 8.11a) and Ga (Figure 8.11b), 
whereas they define a distinct positive trend with Ni (Figure 8.11c). 
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8.3 DISCUSSION 
High concentrations of chromium in concentrate spinels at Dokolwayo are not unique for 
kimberlite concentrate spinels (e.g. Hunt 1987). However, the average Cf203 content of 
the spinels (Table 8.1) is exceptional. Based on several major and trace element 
relationships, there are at least two major populations of spinels present in the concentrate. 
In particular, it would appear that the concentration of titanium, the relationship between 
Ti~ and Al203 and the relationship between Mg2+ and [Fe2+ -2*Ti4+] may be used to 
define between the two populations. Comparing the major and trace element compositions 
of the Ti02-poor population of the concentrate spinels with the compositions of the 
diamond inclusions from Dokolwayo (Chapter 5) suggests that the majority of the Ti~­
poor population is closely related to the diamond inclusion spinels and may have a similar 
paragenesis. However, the Ti~-rich population is clearly not related to the diamond 
inclusion spinels and therefore probably had a different genesis. 
Perhaps the simplest explanation is that the Ti~-rich population represents a portion of the 
Ti~-poor population that was metasomatised by a Ti~-rich fluid. However, the 
mechanics of this process should be considered. Diamond inclusion-type spinels (Daniels, 
1991) and subcalcic chromium-rich garnets (G10 garnets) have been found to coexist in a 
number of instances (Meyer and Boyd, 1968; Danchin and Boyd, 1976; Dawson et al., 
1978; Pokhilenko et al., 1977; Gurney et al., 1984a; Sobolev et al., 1984; Nixon et al., 
1987; Hill, 1989) and therefore have the same paragenesis. It would therefore be 
reasonable to assume that if the majority of the spinels have been metasomatised by a 
Ti~-rich fluid, then the effect of this metasomatic event should, to some extent, be 
manifested in the GlO garnet population at Dokolwayo as well (Chapter 7). 
Partition coefficients for Ti02 between spinel and ultrabasic liquids (Akella et al., 1976; 
Murck and Cambell, 1986; Barnes, 1986) are in the order of DTiSpinel/liquid = > 0. 75. 
Considering the average and the maximum concentrations of Ti~ in the Dokolwayo 
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concentrate spinels (Table 8.1), this partition coefficient suggests that the Dokolwayo 
spinels equilibrated against a fluid which must have had Ti~ concentrations averaging 
1.57 wt% and possibly as high as 5.2 wt% Ti~. 
Although there is no reliable partition coefficient for titanium between garnet and liquid, it 
is possible to infer a partition coefficient of DTigarnet/liquid = 0.35. This partition 
coefficient is based on the partitioning of Ti4 + between orthopyroxene and liquid (Barnes, 
1986) and the concentration of Ti~ in garnets coexisting with orthopyroxenes in mantle 
derived garnet lherzolites (Bishop et al., 1978). Therefore, assuming that the 010 garnets 
and the majority of the spinels coexisted, the average Ti02 concentration of the concentrate 
010 garnets should be in the order of 0.55 wt%. However, although the Dokolwayo 
concentrate 010 garnets attain a maximum Ti02 content of 0.17 wt%, which is similar to 
the Ti02 contents of Finsch 010 garnets (Gurney and Switzer, 1973), they do not support 
a suggestion of re-equilibration against a Ti02-rich metasomatic fluid that would account 
for the high concentrations of Ti02 in a significant sector of the concentrate spinels. It 
seems unlikely that it would only be the spinels that are selectively metasomatised. 
An alternative explanation is that it may be possible for the Ti02-rich spinels to be derived 
from a different zone in the mantle to the Ti02-poor garnets and spinels and that the Ti02-
rich spinels do indeed represent metasomatised spinels. However, the trends defined by Ni 
and Ti02 in Figure 8.11c and by Mg2+ and [Fe2+ -(2*Ti4+)] (Figure 8.6) suggest that 
the Ti02-rich spinels are. magmatic in origin. The lack of distinctive Ti~ zonation in 
these spinels argue against a metasomatic origin. Furthermore, the occurrence of highly 
magnesian (Fo 95) euhedral olivi~e inclusions in the Ti~-rich concentrate spinels (Daniels 
and Gurney, 1991) suggests that these spinels are derived from a depleted ultramafic 
silicate assemblage. The high forsterite content of the olivine inclusions are also 
inconsistent with a metasomatic origin. 
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It has been shown in APPENDIX 8.b that the most likely behaviour of trivalent chromium 
in a silicate melt is one of an octahedrally coordinated network-modifier. Similarly, the .. 
structural role of Mg2+ is that of a network-modifier and in a highly magnesian melt, e.g. 
a komatiite, chromium would have to compete with the magnesium for the same limited 
number of octahedrally coordinated sites within the melt. Therefore, high concentrations 
of Mg2+ in a liquid would limit the solubility of chromium in the melt. A contributing 
limiting factor would be the smaller field strength of Mg2 + relative to cr3 + which would 
favour the incorporation of Mg2 + into the melt structure. It would therefore seem that 
observed chromium concentrations in ultramafic melts are saturation levels and not 
depletion levels. This observation is consistent with the experimental results of Murck and 
Cambell (1986) in which the presence of spinels in komatiite-type liquids was ascribed to 
chromium saturation of the melts. The corollary of this is that chromium is increasingly 
favoured towards the residue relative to the MgO-rich melt with increasing degrees of 
partial melting. 
The partitioning of chromium between olivine and liquid has been determined in several 
experimental studies (Ringwood, 1970; Green et al., 1975; Schreiber and Haskin, 1976). 
Although a wide range of values was recorded by these investigators, Huebner et al. (1978) 
suggested that a single value of Dcr olivine/liquid = 0. 85 ± 0.15 is consistent with the 
majority of published experimental Dcr values within statistical uncertainties. 
Akella et al.(1976) suggested that the weak increase in Dcr olivine/liquid with decreasing 
oxygen fugacity may have been due to a change in the c~+ tc~+ ratio of their 
experimental melt. In an extensive study of chromium behaviour in ultrabasic liquids, 
Murck and Cambell ( 1986) reported that the partitioning of chromium into olivine in 
equilibrium with komatiite melt decreases from Dcr,FMQ olivine/liquid = 0.95 at 1300°C 
to 0.53 at 1500°C at constant oxygen fugacity. Although the olivine/liquid partition ratio 
of chromium decreases with an increasing temperature, the absolute concentrations of 
chromium in the olivines increases with increasing temperature, indicating increasing 
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concentrations of chromium in the liquid. Barnes (1986) made similar observations 
regarding the partitioning of chromium between orthopyroxene and ultrabasic liquid. It 
was reported by Barnes (1986) that Dcr,FMQOrthopyroxene/liquid = 10.4 at 1150°C and 
decreases to 2.67 at 1330°C. The absolute concentrations of chromium in both 
orthopyroxene and liquid increases with increasing temperature. Dcr spinel/liquid trends 
are similar to those observed on orthopyroxene and olivine, but the partitioning of 
chromium is strongly biased towards the spinel. Experimentally obtained spinel/liquid 
partition coefficients for chromium vary from 50 to 700 (Schreiber and Haskin, 1976; 
Akella et al., 1976; Murck and Cambell, 1986; Barnes, 1986). Chromium is more 
strongly partitioned towards Mg-Al spinels than towards Fe-Ti spinels under the same 
conditions (Akella et al., 1976). 
Discounting any liquid structure-composition effects on the solubility of chromium in 
ultrabasic melts, an average Dcr residual spinel\melt = 150 can account for the high 
chromium contents of the Dokolwayo concentrate spinels as an early komatiite residual 
phase if the chromium contents of Barberton komatiite original melt compositions (Smith 
and Erlank, 1982) are considered. It hs been argued in Chapter 3 that the Barberton 
komatiites represent the most significant mantle melting event prior to the extrusion of the 
Dokolwayo kimberlite and that the Dokolwayo kimberlite probably sampled the residue of 
this melting event. 
Normal melt - residue relationships between komatiitic melts and the resultant residues can 
account for the chromium compositions observed in the Dokolwayo concentrate spinels. 
However, known komatiite compositions and partition coefficients for spinel/liquid cannot 
account for the TiD2 contents of the spinels without considering the behaviour of Ti4 + in 
silicate melts, which is discussed in APPENDIX 8b. Briefly, spectroscopic data have 
indicated that Ti4 + can be present in a silicate liquid as titanate complexes and exist in 
clusters where Ti-0-Ti bonds prevail (Mysen et al., 1980a,b, 1981b). These titanate 
complexes tend to unmix with the silicate melt as depolymerisation of the melt increases. 
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The increased depolymerisation of komatiite-type liquids with increasing temperature and 
MgO concentrations would produce strong deviations from ideality, resulting in the 
formation of titanate complexes. These titanate clusters are structurally similar to 
submicroscopic, octahedrally coordinated spinelloid aggregates observed in silicate melts 
(O'Reilly and Maciver, 1962; Fournier et al., 1971; Mysen et al., 1980a,b, 1981b). The 
unmixing of these titanate clusters may increasingly favour the partitioning of titanium into 
the residue. In the absence of a Ti02-rich phase in the residue, it is suggested that these 
unmixed titanate clusters will preferentially complex with the residual spinel rather than 
with the orthopyroxene or olivine in the residue. The titaniferous spinels produced under 
these conditions may be expected to deviate from ideality and be non-stoichiometric. 
The Dokolwayo spinel concentrate population characterised by Ti02-rich compositions and 
major inverse spinel components are consistent with the model for the formation of residual 
Ti02-rich spinels presented above. It is of interest to note that Hatton (1978) reported a 
harzburgite from the Roberts Victor kimberlite that contains spinels with the same 
compositional characteristics as the Dokolwayo Ti02-rich concentrate population (i.e. 
Ti0l/Al203 > 0.2; Ti02 > 0.7 wt%; Cf203 > 60 wt%) and which shows no evidence 
of any metasomatism by a Ti02-rich fluid. It should be noted that this model does not 
exclude the possibility that these Ti02-rich spinels were subjected. to the same Ti02-poor 
and REB-enriched metasomatic event that affected GlO garnets (Richardson et al., 1984). 
However, due to the refractory nature of the spinels it is unlikely that they will bear any 
witness to this latter metasomatic event. 
'What do you think of my theory?' 
'It is all surmise.' 
'But at least it covers the facts. When new facts come 
to our knowledge which cannot be covered by it, it will 
be time enough to reconsider it.' 
Sir Arthur Conan Doyle in 'The Musgrave Ritual' (1892) 
Dedicated to John J. Gurney 
TABLE 8.1 
SUMMARY STATISTICS OF THE DOKOLWAYO CONCENTRATE SPINELS 
OXIDE Ti02 Al203 cr2o3 Fe203 FeO MnO MgO 
N 288 288 288 288 288 288 288 
AVERAGE 1.22 5.04 63.8 2.79 13.9 0.25 12.8 
MEDIAN 1.09 3.94 63.8 2.96 13.4 0.25 13.0 
~ 
STD.DEV. 1.00 3.29 4.61 1. 94 2.22 0.05 1.46 
STD ERR. 0.06 0.19 0.27 0.11 0.13 <~01 - -o. 09 
MINIMUM N.D. 0.70 39.4 N.C. 6.70 N.D. 8.50 
MAXIMUM 3.89 29.4 73.9 9.64 20.8 0.38 19.4 
SKEWNESS 0.41 2.92 -1.02 0.40 0.64 -0.63 0.06 
TABLE 8.1 Summary statistics of the Dokolwayo 




CHR-35* CHR-54 CHR-54* CHR-76 CHR-76* 
OXIDE (Weight Percent) 
Ti02 1.06 1. 06 0.13 0.13 N.D. N.D. 
Al203 3.46 3.46 2.64 2.64 1. 01 1. 01 
cr2o 3 68.19 67.72 71.47 69.89 73.87 72.58 
FeO 14.05 14.05 13.07 13.07 12.69 12.69 
Mno 0.24 0.24 0.24 0.24 0.27 0.27 
MgO 12.03 12.03 11.28 11.28 11.58 11.58 
NiO 0.14 0.14 N.D. N.D. N.D. N.D. 
CrO - 0.46 - 1. 62 - 'i. 34 
TOTAL 99.17 99.16 98.83 98.87 99.42 99.47 
* Recalculated analyses. 
N.D. Not Detected 
TABLE 8.2 Representative Dokolwayo concentrate spinels 
with cr2o 3 in excess of the stoichiometric 
limit and calculated to contain divalent cro. 
--
TABLE 8.3 
STANDARD REDUCTION POTENTIALS 
REACTION POTENTIAL 
volts 
Ag+ + - Ag 0.7996 e <-> 
cr2+ + 2e - <-> Cr -0.557 
cr3+ + - cr2+ -0.41 e <-> 
Fe2+ + 2e - <-> Fe -0.409 
Fe3+ + - Fe2+ 0.770 e <-> 
Mg2+ + 2e - <-> Mg -2.375 
Mn2+ + 2e - Mn -1.029 <-> 
N·2+ •]. + 2e - <-> Ni -0.23 ' 
zn2+ + 2e - <-> Zn -0.7628 









SAMPLE OXIDE EDGE 1 CENTRE EDGE 2 
NUMBER wt% wt% wt% 
SP-3 cr2o 3 63.1 61.5 63.4 
Ti02 Al203 6.44 7.67 6.74 
POOR Ti02 0.39 0.45 0.47 
SP-8 cr2o 3 65.8 62.7 67.6 
Ti02 Al203 4.60 6.42 3.97 
POOR Ti02 0.33 0.26 0.27 
SP-5 cr2o3 57.5 57.3 57.2 
Ti02 Al203 3.65 3.60 3.65 
RICH Ti02 2.49 2.47 2.49 
SP-15 cr2o 3 54.1 54.6 54.2 
Ti02 Al203 6.13 6.21 6.35 
RICH Ti02 2.26 2.29 2.33 
TABLE 8.4 Table of selected Ti02-poor and Ti02-rich 
concentrate spinels from Dokolwayo to 
illustrate the zonation characteristics of 
the spinels. 
CHAPTER 8 - FIGURE CAPTIONS 
FIGURE 8.1 
Plot of c~+ vs Al3+ cations/4 oxygens for the Dokolwayo concentrate spinels. 
FIGURE 8.2 
Plot of c~+ vs [(2*Ti4+)+Fe3+ +Al3+] cations/4 oxygens for the Dokolwayo 
concentrate spinels. 
FIGURE8.3 
Plot of c~+ vs Ti4+ cations/4 oxygens for the Dokolwayo concentrate spinels. 
FIGURE8.4 
Histogram of the Ti02 (wt%) contents of (a) the concentrate spinels from Dokolwayo and 
(b) the diamond inclusion spinels from southern Africa. 
FIGURE 8.5 
Plot of Al203 versus Ti02 (wt%) for the spinels from the Dokolwayo heavy mineral 
concentrate. 
FIGURE8.6 
Plot of Mg2 + vs [Fe2+ -(2*Ti4+)] cations/4 oxygens for the concentrate spinels from 
Dokolwayo. 
FIGURE8.7 
Plot illustrating variations in concentration of Ti02, Cr203, Al203, FeO and MgO (wt%) 
across a 9mm diameter concentrate spinel from Dokolwayo. The spinel was characterised 
by Ti~/ Al203 > 0.2. Analyses were done along ten equidistant points across the spinel. 
FIGURE 8.8 
Pl~t of (a) Zn versus Ga; (b) Ni versus Ga; and (c) Ni versus Zn ppm concentrations in 
Dokolwayo euhedral, subhedral and anhedraJ concentrate spinels and Dokolwayo diamond 
inclusion spinels. 
FIGURE 8.9 
Plot of (a) Al203 (wt%) versus Zn (ppm) ; (b) Al20] (wt%) versus Ni (ppm) for 
Dokolwayo euhedral, subhedral and anhedral concentrate spinels and Dokolwayo diamond 
inclusion spinels. 
FIGURE 8.10 
Plot of CQ03 (wt%) versus Ni (ppm) for Dokolwayo euhedral, subhedral and annedral 
concentrate spinels and Dokolwayo diamond inclusion spinels. 
FIGURE 8.11 
Plot of (a) Ti02 (wt%) versus Zn (ppm); (b) Ti02 (wt%) versus Ga (ppm); and (c) Ti02 
(wt%) versus Zn (ppm) concentrations in Dokolwayo euhedral, subhedral and anhedral 
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APPENDIX B.a (1)- DOKOLWAYO CONCENTRATE SPINELS 
OXIDES (wt%) 
SAMPLE 





















































































































































































Fe203 CALCULATED STOICHIOMETRICAU. Y 
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-no~ Ako-3 u:P.3 
0. 75 3.51 67.56 
0. 78 3. 53 68.00 
0.78 2.11 71.46 
0.79 214 68.47 
0.00 244 64.31 
0.85 216 70.36 
0.86 24.79 4227 
0.89 5. 28 59.39 
0.94 4.57 66.96 
0.96 10.36 56.95 
0.98 255 65.04 
1.04 604 63.42 
1.05 4.39 66.44 
1.00 3.46 68.19 
1.00 3.20 68.62 
1.00 650 60.82 
1.10 7.33 6212 
1.12 3.01 69.15 
1.14 244 69.30 
1.19 7.28 63.02 
1.19 3.68 67.24 
1.22 a24 59.20 
1.23 3.69 63.00 
1.23 3.12 66.10 
1.24 10.12 56.27 
1.26 15.26 5237 
1.27 215 69.28 
1.29 250 67.24 
1.30 274 67.43 
1.31 211 69.02 
1.32 4.03 66.36 
1.32 249 66.45 
1.36 200 66.45 
1.37 15.57 S0.93 
1.37 215 68.24 
1.37 1.00 0061 
1.38 3. 75 64.73 
1.39 4.32 63.37 
1.40 7.22 61.41 
1.44 298 6272 
1.51 272 66.34 
1.52 4.66 63.62 
1.55 3.99 56.89 
1.55 1.39 68.55 
1.57 7.68 60.44 
1.62 644 62:35 
1.64 3.87 65.00 
1.64 3.60 65.21 
1.66 7.32 56.26 
1.66 7.84 56.:35 
1.68 689 61.01 
1.70 7.50 56.83 
1.70 3.12 64.13 
1.70 254 65.12 
1.71 691 60.81 
1.72 4.14 63.30 
1.72 4.98 63.53 
1.73 243 66.99 
1. 75 3.91 66.05 
1.75 253 67.26 
1.76 1.49 67.10 
1.00 4.99 60.59 
1.81 4.81 6204 
1.82 3.62 65.59 
1.86 3.84 63.50 
1.86 3.73 64.43 
1.89 10.33 57.00 
1.00 3.98 64.98 





































































MhO ~0 NiO Iota-! 
0.20 11.88 0.00 99.17 
0.21 12.42 0.00 99.34 
0.24 12.13 0.00 10043 
0.21 13.11 0.00 10006 
0.29 10.30 0.00 99.55 
0.21 1269 0.11 99.32 
0.15 17.75 0.16 10005 
0.31 10.49 0.00 10043 
0.21 1252 0.11 99.14 
0.24 14.59 0.00 99.55 
0.29 11.13 0.15 10016 
0.17 13.89 0.12 10048 
0.20 12.55 0.15 99.73 
0.24 1203 0.14 99.17 
0.24 10.53 0.15 99.01 
0.22 13.04 0.17 99.91 
0.20 14.43 ·0.00 10043 
0.28 11.97 0.12 99.40 
0.25 10.69 0.16 99.07 
0.22 15.18 0.13 10076 
0.26 12.20 0.00 99.03 
0.28 13.00 0.12 99.84 
0.26 11.72 0.19 100.64 
0.20 13.13 0.00 100.22 
0.23 13.99 0.13 10003 
0.15 1605 0.00 100.32 
0.23 12.88 0.00 99.47 
0.24 13.50 0.00 10097 
0.22 13.68 0.00 10013 
0.23 12.30 0.00 99.33 
0.25 13.36 0.00 100.27 
0.26 13.34 0.00 10003 
0.21 13.45 0.10 99.32 
0.22 15.82 0.21 99.54 
0.25 12.63 0.00 99.23 
0.28 13.18 0.15 10025 
0.22 12.38 0.19 100.00 
0.22 13.19 0.12 99.65 
0.28 14.40 0.00 100.00 
0.34 10.59 0.14 10007 
0.26 13.79 0.00 99.47 
0.28 13.95 0.18 99.93 
0.29 10.46 0.00 10053 
0.25 1o.n 0.00 99.07 
0.22 14.45 0.17 100.30 
0.18 14.97 0.13 10082 
0.20 12.40 0.00 98.59 
0.20 13.78 0.00 10031 
0.32 13.16 0.00 99.63 
0.22 14.27 0.14 99.87 
0.27 14.50 0.00 99.47 
0.28 13.84 0.00 99.45 
0.30 12.46 0.14 100.63 
0.30 11.40 0.00 100.20 
0.22 14.43 0.12 100.16 
0.24 13.07 0.14 10013 
0.25 14.00 0.13 10048 
0.30 14.12 0.00 100.23 
0.22 13.22 0.12 99.16 
0.26 14.27 0.00 100.00 
0.37 14.33 0.10 99.27 
0.28 12.22 0.11 99.93 
0.28 13.36 0.00 100.10 
0.18 14.12 0.11 100.00 
0.25 14.:35 0.10 100.36 
0.27 13.87 0.00 100.11 
0.17 15.34 0.13 100.69 



















































































































































































































































































































2. 70 14.41 
2. 71 14.25 
4.:35 1:3.3J 



































































































































































































































Nui'Y'I\:ier biC6_ -no~ A""o3 Cr.l()3 fe .. P3 Feo MnO f\1_90 N;o lot-a..! 
FEC-05 N .. D .. 2..59 4 .. 20 0000 4 .. 86 16.68 031 11 .. 81 014 100.59 
CSH-13 N.D. 2..00 3.41 62..22 3.23 16.35 031 11.94 000 100.06 
CHA-62 N.D. 2..00 3.96 62..40 3.11 14.70 028 13.01 021 100.27 
FEC-26 N .. b. 2..61 2..93 61.52 4.00 16.98 021 11.55 015 100.55 
CSH-14 N.D .. 2..82 3.27 0052 4.64 17.75 031 11.00 000 100.14 
CEU-10 N.D. 2..65 3.26 61.91 3.83 14.38 O:D 13.12 000 99.45 
CEU-17 N.D. 2..73 2.138 61.17 4.34 16.73 027 11.68 000 99.78 
CHA-89 N.D. 2..79 6.34 58.36 3.82 14.17 028 13.66 o.oo 99.42 
CSH-Q7 N.D. 2..79 8.14 58.41 1.57 14.19 0.24 13.87 000 99.31 
CHR-75 N.D. 2.81 5.28 58.44 4.72 15.88 0.27 12..49 013 100.02 
CHR-£ N.D. 2..81 3.36 61.36 3.87 16.21 029 12.16 000 100.06 
CHR-72 N.D. 2..89 5.91 58.00 4.29 15.68 0.29 12..85 014 100.65 
CHR-25 N.D. 2.89 2.55 61.71 3.70 17.35 035 11.21 017 99.93 
FEC-52 N.D. 3.02 3.96 59.93 3.64 16.75 027 11.93 000 99.70 
CHR-3J N.D. 3.07 4.72 58.36 4.99 15.87 0.35 12..51 018 100.05 
FEC-36 N.D. 3.14 3.24 59.14 5.28 18.19 O.:D 1097 024 100.50 
· CHR-59 N.D. 3.15 5.94 54.63 6.41 19.12 026 1061 "026 100.38 
CEU-19 N.D. 3.20 5.13 51.58 9.64 2083 0.32 9.52 000 100.22 
CHR-78 N.D. 3.28 2.05 59.44 5.13 19.82 0.29 9.79 021 100.01 
CAN-Q9 N.D. 3.31 4.95 56.76 5.75 17.78 0.28 11.68 0.00 100.51 
CEU-13 N.D. 3.41 3.48 55.52 7.52 19.40 0.29 1040 000 100.02 
CHR-22 N.D. 3.66 3.13 57.33 6.01 19.45 029 1049 017 100.53 
FEC-56 N.D. 3. 78 2.63 57.79 5.46 2039 0.27 9.97 000 100.29 
CHR-49 N.D. 3.89 3.31 59.49 3. 71 18.61 0.26 11.27 018 100.72 
APPENDIX 8a (2) - DOKOLWAYO CONCENTRATE AND DIAMOND INCWSION TRACE ELEMETS 
OXIDEwt% 
SAMPLE 




























































































0.00 1.32 4.03 66.38 
0.00 1.55 3.99 58.89 
0.00 1.10 7.33 62.12 
0.00 1.68 6.89 61'.01 
0.00 1.23 3.12 66.10 
0.00 1.3J 2.74 67.43 
0.00 0.35 7.68 63.50 
0.00 2.45 5.84 56.38 
0.00 0.50 2.00 66.41 
0.00 0.00 3.19 65.10 
0.00 0.21 9.10 62.93 
0.00 0.00 2.44 64.31 
0.00 0.39 2.20 67.99 
0.00 2.23 4.66 00.64 
0.00 2.22 4.69 61.44 
0.00. 2.26 3.50 64.08 
0.00 2.65 3.26 61.91 
0.00 0.89 5.28 59.39 
0.00 2.38 5.73 54.71 
0.00 3.41 3.48 55.52 
0.00 1.29 2.50 67.24 
o.oo- 1.32 2.49 66.45 
0.00 1.66 7.32 58.26 
0.00 2.73 2.86 61.17 
0.00 1.75 2.53 67.26 
0.00 3.20 5.13 51.58 
0.00 0.19 2.66 69.38 
0.00 1.26 15.26 . 52.37 
0.00 2.62 3.27 00.52 
0.00 0.38 2.33 69.00 
0.00 2.34 3.89 62.43 
0.00 1.91 4.00 61.65 
0.00 0.55 6.46 58.96 
0.00 0.21 3.67 68.13 
0.00 0.00 16.49 53.34 
0.00 0.00 7.71 64.47 
0.00 0.00 7.71 64.91 
0.00 _0.00 6.00 64.82 
0.00 0.00 7.96 63.28 
0.00 0.00 7.82 63.25 
0.00 0.00 7.00 63.42 
0.00 0.35 7.r:J2 64.19 
0.00 0.00. 8.86 63.11 
0.00 0.00 7.49 65.13 . 
0.00 0.12 7.67 63.68 
0.00 0.14 5.03 67.61 
0.00 0.08 8.62 63.67 
0.00 0.13 7.40 67.00 
3.31 13.86 






















































































































































































































































































































































































































Num e1 5i(4 lio~ AhO:, 0.P3 F<'ol-03 Fe.O M,.,Q Mg:J /..:>r..V Ni Zn C"!"a 
013198 0.00 0.14 7.76 64.42 1.83 9.69 0.18 15.11 99.2) 626 363 0.00 
013190 0.00 0.18 7.71 64.40 2.29 9.70 0.24 15.16 99.79 707 404 12.40 
0132(}6. 0.00 0.00 a 11 6338 2.47 10.76 0.2) 14.28 99.34 690 473 2D.70 
013200 0.00 0.00 7.98 6351 2.91 10.97 0.2) 14.22 99.92 706 489 17.00 
01320C 0.00 0.00 6.01 6349 3.05 10.26 0.23 14.66 99.79 673 485 2D.OO 
01324A 0.00 0.00 5.00 65.75 3.21 13.18 0.36 12.14 99.64 1160 526 14.60 
0132BA 0.00 0.47 10.55 61.'45 1.3) 9.48 0.21 15.68 99.25 846 :300 14.00 
0132BC 0.00 0.49 10.61 62.11 0.00 11.04 0.17 14.60 99.19 915 381 19.70 
013:»\ 0.00 0.18 6.07 64.83 3.01 11.57 0.16 13.81 99.70 636 459 17.10 
01331A 0.00 0.00 6.50 67.88 0.72 9.01 0.16 15.23 99.50 584 380 11.70 
01332A 0.00 0.59 aoo 6310 2.72 9.96 0.28 15.32 100.06 788 419 16.60 
013328 0.00 0.61 7.76 6358 2.03 10.55 0.25 14.85 99.73 782 409 14.00 
OK0388 0.00 0.00 6.13 64.78 1.74 10.03 0.24 14.76 99.68 639 429 11.00 
APPENDIX 8.b 
OXIDATION STATES OF CHROMllJM IN MINERALS 
Chromium occurs as a minor element of terrestrial gabbroic, basaltic and ultrabasic 
rocks averaging 0.2 wt% Cr203 (Turekian, 1963; Prinz, 1967) and as a more 
abundant element of the lunar basalts (0.5 wt%; Hubbard et al., 1972) and stone 
meteorites (0.5 wt%; Bunch and Olsen, 1975). It is a transitional metal ion with 
unfilled d-shells exhibiting a wide range of oxidation states. In addition to the 
familiar +2, +3 and +6 oxidation states, chromium also occurs in the -2, -1, 0, 
+4 and +5 oxidation states in natural and synthetic compounds and ions (Dellien et 
al., 1976). However, the mineralogy of chromium in nature is dominated by the 
c~+ and (Cr04)2- ions (Bums and Bums, 1975). 
Apart from rare meteoric minerals most chromium-bearing minerals contain Cr3 + 
ions in octahedral coordination with oxygen (Bums and Bums, 1975). Crystal field 
studies have shown that trivalent chromium has the largest octahedral site preference 
.. 
energy (relative to regular tetrahedral site) of any ion of the first transition group 
~ elements (Bums, 1975). Cr3+ has an octahedral radius of 0.615A (Shannon and 
Prewitt, 1969) which lies between the values of AI3+ (0.53A), Fe3+ (0.645A), 
Ti4+ (0.68A), and Mg2+ (0.72A) allowing the substitution of Cr3+ ions for AI, 
Fe3 +, Ti and Mg in regular octahedral sites of pyroxene, olivine, and spinel, rather 
than in the tetrahedral sites. The presence of divalent chromium in both terrestrial 
and lunar rocks is considerably more ambiguous. Crystal field theory predicts that 
divalent chromium should be greatly stabilized by the Jahn-Teller effect in distorted 
octahedral sites such as the M 1 site in olivine and should have geochemical 
properties intermediate to those of Ni2+ and Co2+ (Bums, 1970, 1970a, 1975, 
1975b). 
There is some evidence that in reducing environments C~ + enters into both 
pyroxene and olivine structures. The concentration of chromium in lunar olivines is 
an order of magnitude more than in terrestrial olivines (e. g. Bell, 1970; Keil et al., 
1971; Steele and Smith, 1975). Haggerty et al. (1970) described lunar olivines that 
contain chromium and titanium in excess of the amounts that could be compensated 
by the small amount of Al3 + present and interpreted the IR absorption spectrum of 
an olivine as that of substituted c~+ in the absence of Cr3+. Negative values of 
both [Al-(2Ti+Cr)] and [Al-2Ti], indicating insufficient Al present to compensate 
for all the chromium as cr3+ and Ti as Ti4+, led Boyd and Smith (1971) to 
propose the presence of both Cr2 + and Ti3 + in lunar basaltic pyroxenes .. 
Spectroscopic studies failed to detect C~ + in lunar pyroxenes (Burns et al., 1972; 
Mao and Bell, 1971), but confirmed the presence of c~+ (Burns et al., 1975). 
Small amounts of cr2 + have been experimentally observed to substitute into spinels 
under reducing conditions analogous to those of lunar basalt evolution (Stubican and 
Greskovich, 1966, 1975), but only c~+ has been found in lunar spinels 
(Haggerty, 1972; Bell and Mao, 1974a; 1974b). The high abundance of chromium 
in olivine inclusions in terrestrial diamonds has been attributed to the presence of 
.. 
divalent chromium (Meyer and Boyd, 1972). The high chromium concentrations in 
., those olivines cannot result from high concentrations of chromium in the parent 
liquidus since the concentration of chromium in olivines of terrestrial chromitites is 
not correspondingly high (Meyer, 1985). 
The evidence for the presence of significant Cr2+ in ·lunar minerals and terrestrial 
olivine inclusions in diamonds is circumstantial, indirect and contradictory. 
However, it is widely assumed that c~+ exists in these minerals (Schreiber and 
Haskin, 1976). 
OXIDATION STATES OF CHROMIUM IN SILICATE MELTS 
The oxidation states of chromium in melts were investigated by Schreiber and 
Haskin(1976) in a series of experiments on silicate compositions in the forsterite-
anorthite-silica and forsterite-anorthite-diopside systems over a wide range of 
oxygen fugacities from 10-10 to 1 atm at 1500°C and 1550°C. This experimental 
study showed that the relative amounts of C~ + and C~ + pr~sent in a silicate are 
sensitive to melt composition, temperature and oxygen fugacity. The proportion of 
the total chromium present as Cr2 + in basaltic magmas formed under terrestrial 
conditions, i.e. in the vicinity of the FMQ buffer (Haggerty, 1978), were estimated 
to be between 2 - 55%. However, the melts used in the study of Schreiber and 
Haskin (1976) were iron-free. It was argued by Schreiber and Haskin (1976) and 
Schreiber (1977) that the presence of Fe3+ in terrestrial magmas precludes the 
stabilization of Cr2 +. The higher reduction potential of the Fe3 + - Fe2 + couple 
in silica melts in comparison to the reduction potential of c~+ - Cr2+ (Table 8.3) 
would have spontaneously oxidized C~ + according to the reaction: 
In the vicinity ofthe FMQ buffer the concentration of Fe3 + in silicate melts can be 
expected to be greatly in excess over the minor amounts of total chromium which 
would make this oxidation reaction near complete. Chromium is thus expected to 
be present almost entirely in the trivalent state in silicate melts at or near FMQ 
buffer conditions (Schreiber and Haskin, 1976). 
Murck and Cambell (1986) investigated the influence of temperature, oxygen 
fugacity and melt composition on the solubility of chromium in basic and ultrabasic 
melts in an experimental study using natural materials. The variations in chromium 
content as a function of oxygen fugacity for both melt and mineral phases (olivine 
in particular) in these experiments were attributed to the presence of some divalent 
chromium; Similarly, Barnes (1986) found that the chromium solubility in a 
synthetic analogue of a proposed parental magma to the bronzite-chromite rich 
rocks of the Critical Zone of the Bushveld Complex increased systematically with 
decreasing oxygen fugacity from the NNO buffer to the . IW buffer at constant 
temperature. This increase in solubility was considered to be due to the reduction 
of C~ + to C~ +. The redox ratio of the C~ + /C~ + was also found to decrease 
with increasing temperature at constant oxygen fugacity. furthermore, Barnes 
(1986) found that there was good correlation between the data from Fe-present 
melts and the data from the iron-free forsterite - anorthite - diopside system of 
Schreiber and Haskin (1976). It would thus appear that Fe3+ and c~+ may 
coexist in silicate melts; This apparent anomaly may possibly be explained by 
evaluating the behaviour of iron and chromium in silicate melts. 
THE BEHAVIOUR OF ffiON AND CHROMIUM IN SILICATE MELTS 
The structural state of iron and variations in Fe2 + /Fe3 + in simple metal oxide -
Si~ joi~s at fi~ed temperature, pressure and oxygen fugacity were investigated by 
~ Mysen et al. (1981) to determine the effects of bulk composition on iron redox 
equilibria. It was concluded that alkali metals (M +) are required to stabilize Fe3 + 
in network-forming tetrahedral coordination within the silicate melts structure. If 
M+ 1M2+ is less than that required to form (MFe)4+, mixed coordination of 
Fe3+ is found. Furthermore, if there are only M+ cations in the system and M+ 
= Fe3+ = Al3+, then (MA1)4+ complexes are formed and Fe3+ is an 
octahedrally coordinated network-modifier. However, if there is only sufficient 
M + to stabilize Fe3 + or Al3 +, but additional M2 + is present so that 
(M2+ 0.5T)4+ may also occur, then (MFe)4+ and (M2+ 0.5Al)4 + complexing 
will take place. Under the circumstances, therefore, (MFe)4 + complexes are more 
stable than (MA1)4 + in a silicate melt (Mysen et al., 1981). 
With ferric iron in tetrahedral coordination in a melt Fe3 +/Fe* (Fe* = 
Fe3+ +Fe2+) decreases with increasing temperature at constant oxygen fugacity 
and also decreases with decreasing oxygen fugacity constant temperature (M ysen et 
al., 1985). However, Fe3 +/Fe* increases with decreasing degree of 
polymerization [increasing non-bridging oxygens per tetrahedral cation, NBO/T] of 
the melt (Mysen et al., 1984). · Because the bulk melt NBO/T increases with 
decreasing Fe3 +/Fe* as long as the Fe3 + is in tetrahedral coordination and Fe2 + 
is in octahedral coordination, the NBO/T will increase with increasing temperature 
and with decreasing oxygen fugacity. Ferric iron will undergo a coordination 
transformation from IV-fold to VI-fold coordination at some oxygen fugacity less 
than that of air for the three systems MgO-Al203-Si02-FeO, CaO-Al203-Si02-
FeO and Na20-Al203-Si02-FeO at 1550°C. This transformation in coordination 
of the Fe3 + will give rise to a decrease in NBO/T with decreasing oxygen fugacity. 
This apparent contrast in the functional relationship between NBO/T and Fe3 +/Fe* 
for Fe[3 +IV] and Fe[3 +VI] results from the oxidation of the Fe3 + in the VI-ofold 
coordination to Fe2+ in the VI-fold coordination: 
Fe[3+VI] +0- = Fe[2+VI] + 0.5 o2 
where 0- is a non-bridging oxygen in the silicate network (Mysen et al., 1985). 
The driving force for the reduction of the Fe[3 +VI] to Fe[2 +VI] is the lower field 
strength of Fe2 + relative to Fe3 + in network-modifying positions (Dickensen and 
Hess, 1981). Field strength is defined as the charge of the cation divided by the 
square of the cation-oxygen interatomic distance (Wood and Hess, 1980). The 
reduction of Fe[3 +VI] to Fe[2 +VI] is more rapid in the system MAS-Fe0-0 than 
CAS-Fe-0 and more rapid in the latter than in NAS-Fe0-0 (Mysen et al., 1985). 
The behaviour of chromium in silicate melts has not received much attention in the 
literature. The partitioning coefficient of D(Bf A) of 3.3 (Watson, 1976) between 
two-liquid basic/acidic melt systems for chromium implies that the substitution of 
C~ + <- > Al3 +, which is known to occur in crystalline silicates, probably does 
not occur in liquids, because chromium is strongly depleted in the Al-Si-rich melts. 
Furthermore, due to its extremely high octahedral site preference energy (Bums, 
1970a), cr3+ is not known to exist in tetrahedral coordination in any magmatic 
mineral (Bums and Bums, 1975) whereas both Al3+ and Fe3+ are found in 
tetrahedral and octahedral coordination in magmatic minerals. Since C~ + is 
confined to octahedral coordination in magmatic derived minerals it is suggested 
that it is unlikely that it would deviate from its behaviour in minerals and would not 
occur in tetrahedral coordination in melts. 
Considering the diverse behaviour af Al3+ and Fe3+ in the structure of silicate 
melts, it is instructive to evaluate the possibility of C~ + behaving in a similar 
fashion. Coupled substitutions with monovalent alkalis and Cr3 + do occur in the 
mineral ureyite (Frondel and Klein, 1965) and in pyroxene solid solutions with 
ureyite (Ikeda and Yagi, 1972). The Cr3+ in these pyroxenes, however, occurs in 
~octahedral coordination. Murck and Cambell (1986) evaluated a model in which 
the mechanism of solution of C~ + in a silicate melt depends on charge-balancing 
by monovalent alkali cations such as K+ and Na + in tetrahedral coordination. 
Several reasons were forwarded to show that such a model was not consistent with 
their data; in particular the fact that chromium was not concentrated in two 
immiscible K-rich melts where there was excess K+ available for charge balancing. 
A second alternative for Cr3 + to be tetrahedrally coordinated in a silicate melt is 
one where Cr3 + is charge balanced be Ca2 + in an anorthite-type structure as has 
been observed for Al3+ by Seifert et al. (1981). However, the absence of 
chromium in naturally crystalline feldspars and the lack of tetrahedrally coordinated 
c~ + in nature makes this unlikely. 
The thermodynamic effects of both network-forming and network-modifying cations 
in ternary melts could be qualitatively predicted from their behaviour in binary 
systems and has been shown to be correlated with field strength. The behaviour of 
highly charged cations, e.g. Ti4+, Zr4+, p5+ and c~+, does not follow the 
trends based on field strength, but deviates from ideality in liquids (Ryerson, 1978). 
The addition of Ti02 to silicate melts produces a positive deviation from ideality. 
However, the deviation produced is not nearly as great as would be predicted for 
the field strength of the Ti4+ cation as a network-modifier. Raman spectra of 
. TiD2-Si02 melts indicate that Ti4+ is present 1n tetrahedral coordination randomly 
distributed within the Si02-network (Mysen et al., 1980). The ease with which 
Ti4+ cations enter tetrahedrally coordinated sites within the silicate melt structure is 
probably not related to field strength, but to the identical charge between Ti4 + and 
Si4+. Dickensen and Hess (1983) found that Ti4+ occurs in octahedral 
coordination in peraluminous and peralkaline melts suggesting that (M+ Al)4+ and 
(M2+ o.sA1)4+ charge balanced complexes polymerise with Si4+ in silicate melts 
~ in preference to the high field strength of Ti4 + cations. Spectroscopic data have 
indicated that Ti4 + can be present in a silicate liquid as titanate complexes and exist 
in clusters where Ti-0-Ti bonds prevail (Mysen et al., 1980a, 1980b; 1981b). Such 
clustering is a precursor to unmixing with the silicate melt and would tend . to 
produce strong deviations from ideality. The increasing deviations from ideality is 
directly related to an increase in TiD2 contents in the liquid (Ryerson, 1978). 
It has been shown that Cr3 + is unlikely to be in tetrahedral coordination in a 
silicate melt. It would thus seem that the most likely behaviour for trivalent 
chromium in a silicate liquid is one of an octahedral network-modifier. 
Octahedrally coordinated C~ + in silicate melts have been inferred by Landry et al. 
(1967) and Kobayashi (1976) with the use of electron paramagnetic spectra. It was 
observed by Mysen et al. (1985) that the NBO/T of a silicate melt increases with 
increasing temperature and decreasing oxygen fugacity which implies an increase in 
the availability of octahedrally coordinated sites within the melt with an increase in 
temperature and/or decrease in oxygen fugacity. The increase in chromium 
solubility in ultrabasic liquids with an increase in temperature and/or decrease in 
oxygen fugacity is consistent with the behaviour of Cr3 + in silicate melts being 
positively correlated to the increased availability of octahedrally coordinated sites 
within the melt (Murck and Cambell, 1986). Coupled octahedrally coordinated 
c~+ ion pairs have been documented in melts with high Cr3+ contents (O'Reilly 
and Mciver, 1962; Fournier et al., 1971) suggesting the presence of submicroscopic 
spinel-like aggregates in melts similar to Ti4+ titanate clusters described by Mysen. 
et al. (1980a,b, 1981b). 
These observations are consistent with the model Burnham (1975, 1979) proposed 
. for silicate melts in which, at temperatures near its liquidus, the melt is considered 
to contain clusters of components or units which mix ideally with one another, and 
are similar in structure and stoichiometry to the crystalline phases which appear on 
~ the liquidus. 
The concentration of divalent chromium relative to total chromium concentration 
(i.e. c~+ /Cr *) in both iron-bearing and iron-free experimental melts have been 
reported to increase with increasing temperature and decreasing oxygen fugacity at 
constant f02 and temperature respectively (Schreiber and Haskin, 1976; Barnes, 
1986). These observations are analogous to the behaviour of Fe2 +/Fe* in silicate 
melts which have been attributed to the reduction of Fe3 + to Fe2 + in octahedrall y 
coordinated sites within the melt by Mysen et al. (1985). Since the difference in 
field strength between the c~ + and c~ + is significantly greater than the 
difference in field strength between Fe2 + and Fe3 +. it is suggested that the 
octahedrally coordinated c~+ will reduce more readily to c~+ within the silicate 
melt compared to the Fe3+ -Fe2+ reduction pair in octahedral coordination. This 
implies that C~ + will be octahedrally coordinated within the melt.. The octahedral 
coordination of C~ + is further supported by that fact that its crystal field site 
energy for octahedral coordination (22. 7 Kcal/mole; Bums, 1975b) which is 
between the CFSE of divalent octahedrally coordinated Ni2+ (29 Kcal/mole) and 
Fe2+ (11.9 Kcal/mole; Cambell et al., 1979). The observed increasing Cr2+ /Cr* 
with increasing temperature and/or decreasing oxygen fugacity (Schreiber and 
Haskin, 1976; Barnes, 1986) is consistent with both the CFSE data and increased 
number of octahedrally coordinated sites available in the silicate melt under these 
conditions. The CFSE in octahedral coordination of C~ + suggests that its 
solubility is more strongly dependent than Fe2 +, but less dependent than Ni2 + and 
considerably less dependent than c~+ (53.7 Kcal/mole). 
THE COEXISTENCE OF c~+ AND Fe3+ iN SILICATE MELTS 
The presence o.f c~+ in iron-bearing melts (Murck and Cambell, 1986; Barnes, 
~ 1986) necessitates the consideration of several possibilities in order to evaluate the 
apparent coexistence of C~ + and Fe3 +, in a silicate melt. The behaviour of 
Fe3 + and C~ + in silicate melts has been presented above. Several salient points 
have arisen and will be briefly summarized: 
a) In the presence of alkalis Fe3 + is charge-balanced and tetrahedrally coordinated 
within the structure of the melt and is thus unlikely to affect the oxidation state of 
any octahedrally coordinated cations. 
b) If [Fe3+] is in excess of [M+] in the melt, then the excess Fe3+ is 




c) Increasing temperature and/or decreasing oxygen fugacity of the melt enhances 
the rate of reduction of Fe[3 +VI] to Fe[2 +VI]. 
d) Increasing temperature and/or decreasing oxygen fugacity of the melt favours 
the reduction of c~ + to c~ +. 
Considering the above, three possibilities arise to account for the coexistence of 
Fe3 + and C~ + in a silicate melt 
1) The combined reduction potentials of 
Cr[3+ VI] + o- = cr[2+ VI] + 0.5 o2 
and 
Fe[3+ VI] + o- = Fe[2+ VI] + 0.5 0 2 
is greater than the reduction potential of the electron transfer reaction 
-- . 
Fe3+ + c~+ = Fe2 + + Cr3+ 
~ at mantle temperatures and pressures. Unfortunately, in the absence of available 
literature on reaction kinetic data for these reactions under the envisaged conditions, 
it is not possible to predict the effect reaction kinetics may have on the above 
reactions. 
2) With increasing temperature and decreasing oxygen fugacity the concentration of 
Fe3 + in the melt decreases to s.uch low levels that the concentration of C~ + is not 
affected by any remaining Fe3 + in octahedral coordination. 
3) All the Fe[3+VI] has been reduced to Fe[2+VI] and the remaining Fe3+ in the 
melt is in tetrahedral coordination and thus cannot affect the concentration of C~ + 
in the melt. 
The reduction of octahedrally coordinated ferric iron in a silicate melt to levels 
where Fe[3+ VI]/Fe * = 0.1 would result in the appearance of a metasilicate phase 
(pyroxene) and complete reduction in the stabilization of an orthosilicate (olivine) 
liquidus phase (Mysen et al., 1985). Concomitantly, the concentration ratio of 
c~+ /Cr * is greatly increased and it is suggested that c~+ may be present in 
olivines and pyroxenes. It should be noted that, hitherto, only silicate minerals 
have been suggested to contain divalent chromium under natural terrestrial 
conditions (Meyer and Boyd, 1972; Ikeda, 1972). 
The model presented above for the stability of chromium in mantle melts suggests 
that C~ + may well be stabilized and survive in the (M 1) site of pyroxenes and 
olivines, both minerals of which, significantly, do not allow for Fe3 + to be 
incorporated in their structures. It is possible to extend this model to oxide phases 
that are stoichiometrically Fe3+ -free and have an apparent excess of trivalent 
~ cations, e.g spinels. The Dokolwayo concentrate spinel population is characterised 
by a sub-population (approximately 10 per cent) of spinels that are 
stoichiometrically calculated to be free of Fe3 +, contain chromium concentrations 
in excess of stoichiometric limits and have an apparent deficiency in divalent 
cations. These spinels probably contains significant proportions of c~+ (Table 8. 
2) and presumably are indicative of low oxygen fugacities. 
Since cr2 + and Fe3 + are unlikely to coexist in octahedral coordination the upper 
limit in oxygen fugacity for the existence of C~ + in silicate melts must be the 
wustite-magnetite (WM) buffer. Reduction potentials (Table 8. 3) suggest that 
C~ + will reduce to C~ + more readily than Fe2 + reduces to native iron. It 
would therefore seem that the elimination of C~ + from mantle derived minerals 
will be determined by the position of the IW (iron-wustite) oxygen buffer. 
However, stoichiometric constraints and pressure induced crystallographic phase 
transitions in the mantle suggest that oxygen fugacity may not be the determining 
factor for the preservation of C~ + in mantle derived minerals below IW. 
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CHAPTER 9 - Cr-SPINEL COMPOSITION - PRESSURE RELATIONSHIPS IN 
THE MANTLE. 
ABSTRACT 
The behaviour of the Cr/(Cr+ Al) ratio of chromium spinels with respect to mantle 
pressures and temperatures has been investigated. The spinels are from spinel-garnet 
peridotites derived from the southern African lithosphere. 
Chromium spinels and garnets coexist in the mantle to at least 50 kbars pressure, which is 
significantly in excess of the CMAS predicted limit of 18 kbar. The Cr/(Cr+Al) ratio of 
chromium spinels increases with increasing pressure in the mantle. At pressures in excess 
of 40 kbars the Cr/(Cr+ Al) ratio of the spinels is restricted by stoichiometric constraints. 
A limited study of the concentrate spinels from kimberlites indicate that economically 
diamondiferous kimberlites are characterised by spinel compositions in which the average 
Cr/(Cr+Al) is >0.8. Concentrate spinels from kimberlites characterised by a paucity in 
diamonds have an average Cr/(Cr+Al) < 0.8. 
INTRODUCTION 
Spinels are common accessory mineral phases in a variety of mantle derived ultramafic 
xenoliths. Spinel-peridotites have been reported in basalts (e.g. Ross et al., 1954; Basu 
and MacGregor, 1975), basanites, nephelinites (Mitchell, 1987), camptonites and 
lamproites (Eggler et al., 1987) and kimberlites (e.g. Boyd, 1971; Daniels, 1980). 
Upper mantle spinel-peridotites sampled by kimberlites exhibit three textural varieties. 
Discrete spinels may occur in lherzolites, harzburgites and dunites (Nixon and Boyd, 1973; 
Pokhilenko et al., 1977; Kirkley et al., 1984). More commonly, spinels occur as 
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intergrowths with silicates in these xenoliths (Boyd, 1971; Smith and Dawson, 1975; 
Daniels, 1980) and as small crystals within kelyphytic rims surrounding garnets (Nixon and 
Boyd, 1973; Carswell et al., 1979). 
The Cr/(Cr+ AI) variations of spinels in peridotitic suites have been suggested to conform 
to systematic patterns which are dependent on pressure and temperature (Irvine, 1965, 
1967; Haggerty, 1979; Dick and Bullen, 1984). In low pressure plagioclase-spinel 
peridotites the AI is predominantly partitioned into the plagioclase resulting in spinels with 
high Cr/(Cr+ AI) ratios (Haggerty, 1976; Dick and Bullen, 1984). It was observed by 
Haggerty (1979) that at intermediate pressures the spinels in spinel-peridotites have variable 
Cr/(Cr+ AI) ratios whereas in high pressure garnet lherzolites both Cr and AI are 
preferentially partitioned into garnet and diopside resulting in a spinel-free assemblage. It 
would thus appear that the Cr/(Cr+ AI) ratio of spinels is systematically and inversely 
related to pressure within the spinel-bearing lherzolite field at constant bulk composition 
(Haggerty, 1979). 
In an extensive study of spinels from ultramafic xenoliths, Basu and MacGregor (1975) 
concluded that there is an apparent relationship between the Cr/(Cr+ AI) ratio of spinels 
which indicates that spinels formed at higher pressures have higher Cr/(Cr+ Al) ratios. 
This is in marked contrast to the observations of Irvine (1965) and Haggerty (1976, 1979). 
Furthermore it was observed by Basu and MacGregor (1975) that there was a close 
correspondence between spinel composition and coexisting orthopyroxene composition with 
respect to Alz03 contents, suggesting that the bulk composition, and not simply a pressure 
effect, is the critical variable in the determination of spinel compositions in mantle 
peridotites. 
Quite apart from these observations, it is well established that spinels with high 
Cr/(Cr+ Al) ratios are found as relatively common inclusions in diamonds that are thought 
to have equilibrated at pressures in excess of 50 kilobars (Gurney et al., 1984; Meyer, 
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1985; Daniels and Gurney, 1989). 
In an attempt to resolve this dichotomy of observations the equilibration temperatures and 
pressures of mantle derived spinel-garnet peridotites have been determined by means of 
spinel-independent geothermometers and geobarometers. The calculated temperatures and 
pressures have then been correlated with the compositions of spinels in the respective 
xenoliths. 
SPINEL-GAR~T PERIDOTITE GEOTHERMOMETRY 
Natural garnet-peridotites commonly contain secondary spinels in kelyphytic rims 
surrounding garnets formed during reactions related to either metasomatic fluid infiltration, 
interacttion with kimberlitic fluids, or retrograde subsolidus alteration. Occurrences of 
coexisting primary spinel and garnet are by contrast comparatively rare, but have been 
recorded from a number of kimberlite provinces in southern Africa (Nixon and Boyd, 
1973; Danchin and Boyd, 1976; Lawless, 1978; Mitchell, 1984; Moore, 1986; Nixon et 
al., 1987). 
Jn this study temperatures and pressures have been calculated for xenoliths with the mineral 
assemblage olivine - orthopyroxene - garnet - spinel ± clinopyroxene. All the xenoliths 
used in this study were derived from kimberlites situated on the Kaapvaal Craton in 
southern Africa (Figure 9.1). The mineral compositions were extracted from Nixon and 
Boyd (1973), Danchin and Boyd (1976), Dawson et al. (1978); Lawless (1978); Robey 
(1981); Moore (1986) and Nixon et al. (1987). 
There are several reasons for the choice of garnet-spinel peridotites to determine the 
behaviour of the Cr/(Cr+ Al) ratio of spinels in mantle derived xenoliths with respect to 
temperature and pressure: 
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i) There is no satisfactory geobarometer for garnet-free spinel-peridotites that adequately 
takes into account the effect of chromium on mineral phase equilibria as observed in 
experimental studies (Nickel, 1986). However, Nickel and Green (1985) have 
thermodynamically modeled an orthopyroxene - garnet geobarometer based on experiments 
in the CMAS - Cr203 system which closely approximates natural garnet-bearing 
peridotites. Their barometer is used in this study. 
ii) The general applicability of the olivine- garnet geothermometer of O'Neill and Wood 
(1979) to calculate the equilibration temperatures of the xenoliths is advantageous. Unlike 
the two-pyroxene and garnet-clinopyroxene geothermometers (e.g. Lindsley and Dixon, 
1976; Powell, 1985) it is applicable to clinopyroxene-free assemblages, such as garnet 
harzburgites which may contain chromian spinels. 
In an assessment of the accuracy of various barometers from the literature Carswell and 
Gibb (1987) found that the geobarometer of Nickel and Green (1985) yielded the most 
accurate calculated pressures for garnet-harzburgite and lherzolite assemblages equilibrated 
under mantle P-T conditions. Carswell and Gibb (1987) also concluded that this barometer 
is the only formufation currently available which adequately takes into account of the 
cor;siderable influence of XA1M1 in orthopyroxene coexisting with garnet that results from 
the presence of significant C~ + and Fe contents. 
RESULTS AND DISCUSSION 
Chromian spinel-garnet peridotites derived from the upper mantle of southern Africa may 
be divided into four groups. 
Group I xenoliths are characterised by sub-calcic G 10 garnets and the absence of 
clinopyroxene (Dawson etal., 1978; Nixon et al., 1987). The compositions of the garnets 
from these xenoliths are similar in composition to diamond inclusion G 10 garnet 
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compositions. However, pressure and temperature calculations for these xenoliths . ( < 20 
kbars; < 800°C) suggest an origin well outside of the diamond stability field. These 
calcium-depleted harzburgites are derived from on-craton kimberlites in Lesotho. 
The Group II xenoliths also are derived from on-craton kimberlites and are characterised by 
lherzolitic garnet compositions (Figure 9.2) which suggest that they are derived from CaO-
saturated environments (Gurney and Switzer, 1973; Sobolev et al., 1973). 
The third group of xenoliths is defined by only two samples, both of which are CaO 
depleted harzburgites (RVD 183, Danchin and Bo¥d, 1976; PHN 2818b, Nixon et al., 
1987). Mineral compositions from these two xenoliths are similar to the compositions of 
the sub-calcic chromium-enriched peridotitic diamond inclusion suite. Calculated 
equilibrium pressures (>50 kbars) and temperatures ( > 1000°C) from the Group III 
xenoliths suggest a derivation within the diamond stability field which is consistent with the 
suggestion of Gurney et al. (1985) that RVD 183 may be representative of the source rock 
of peridotitic suite diamonds at Premier. 
The Group IV xenoliths are all derived from the off-craton Hebron kimberlite (Robey, 
1981). The xenoliths are characterised by garnets with lherzolitic garnet compositions 
(Figure 9.2) suggesting that they are derived from a CaO-saturated environment. These 
xenoliths are distinguished from the Group II xenoliths by the cratonic positioning of the 
host kimberlites. 
Cr/(Cr+ AI) in Spinels 
The Cr/(Cr+ Al) ratio (Cr *) of the spinels in the Group I, II and IV xenoliths increase 
systematically with pressure from Cr * -0.3 at 10 kbar to Cr * -0.8 at 40 kbar. At pressures 
in excess of 40 kbars the Cr * (sp) - pressure relationship shows no increase in Cr * with an 
increase in pressure (Figure 9.3). A first order observation from this study is that spinels 
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and garnets coexist in mantle-derived peridotites to pressures in excess of the maximum 
pressures (18 kbar) predicted for their coexistence by experimental observations in the 
CMAS system (O'Hara et al., 1971; Obata, 1976; Jenkins and Newton, 1979). The results 
of this study indicates that spinels and garnet may coexist in peridotites to pressures in 
excess of 50 kbars and well into the diamond stability field. These results are consistent 
with the experimental results in the SMACCr system (MacGregor, 1970; O'Neill, 1981; 
Nickel, 1986) and with the coexistence of chrome-rich spinels and garnets in diamonds 
(Meyer and Boyd, 1972; Gurney et al., 1984). It is apparent that the introduction of 
chromium into experimental systems stabilizes spinel coexisting with garnet to significantly 
greater pressures than predicted by the chromium-free experimental systems. Since most 
natural spinel-garnet peridotites from the Kaapvaal craton are characterised by chromium-
rich spinels, it is suggested that observations based on CMAS experimental work be applied 
to natural chromium-bearing peridotitic assemblages with extreme caution. 
The increase in the Cr * of the spinels in the Groups I, II and IV xenoliths with an increase 
in pressure to a maximum of 40 kbars (Figure 9.3) is in contrast to the observations of 
Irvine (1965) _and ~aggerty (1976, 1979) on Cr * sp-pressure trends in the upper mantle. 
However, it is consistent with the observations of Basu and MacGregor (1975) and the fact 
that chromium-rich spinels are common inclusions in diamond (Meyer, 1985). The narrow 
range in the Cr *of the spinels derived from xenoliths with equilibration pressures in excess 
of 40 kbars may not be due to a levelling off in the Cr/(Cr+ Al) ratio in the spinels with 
increasing pressure (Figure 9.3), but is more likely to be due to stoichiometric constraints 
on spinel compositions. Alternatively, the apparent narrow range of Cr * may be due to an 
insufficient data base for xenoliths with equilibrium pressures in excess of 40 kilobars. 
The relationship between the Cr * of the spinels and the calculated equilibrium temperatures 
for the host xenoliths defines a general increase in the Cr * of the spinels with an increase in 
temperature (Figure 9.4). This relationship defines four groups of xenoliths which can be 
correlated with the four groups of xenoliths defined above. 
87 
It was found that there is a broad negative correlation between the Al203 content of 
orthopyroxene and cr* of spinels in the xenoliths (Figure 9 .5). Basu and MacGregor 
(1975) interpreted the trend in Figure 9.5 to reflect bulk compositional control on the 
compositions of coexisting mantle-derived peridotitic orthopyroxenes and spinels. 
Comparison of the olivines and garnets from the Group I xenoliths with those of the Group 
II and IV xenoliths (fable 9.1) suggests that the Group I xenoliths are significantly more 
depleted in basaltic components. During melting events chromium preferentially partitions 
towards the depleted residue while Al203 partitions into the melt. Therefore, it may be 
expected that if bulk composition has a significant control over the compositions of spinel 
(Basu and MacGregor, 1975), then the Cr * of spinels in depleted rocks should be higher 
than the Cr * of spinels in less depleted rocks. In contrast to the expected trend, the Cr * of 
the spinels from the depleted Group I xenoliths are significantly lower than the Cr * of the 
spinels from the less depleted Group II and IV xenoliths (Figures 9.3, 9.4 and 9.5). This 
observed reversal in the expected trend suggests that bulk composition has little influence 
on the compositions of spinels derived from spinel-garnet peridotites in the upper mantle. 
In contrast to bulk composition, it has been demonstrated that there is a very strong 
cOFrelation between pressure and spinel composition. It is therefore suggested that while 
bulk composition may have an influence on the compositions of mantle derived spinels, the 
compositions of chromium spinels are predominantly dependent on pressure. The pressure 
dependence of chromium spinel compositions suggested above is consistent with the high 
Cr * of spinels found as diamond inclusions world wide as well as spinels found in 
diamondiferous xenoliths (Pokhilenko et al., 1977; Meyer, 1985). 
Kimberlite Concentrate Spinels 
Chromium spinels are common constituents of kimberlite concentrates. Spinels with 
Cr203-rich compositions have been recogr1ised as possibly being indicative of the presence 
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of diamonds (Mal'kov and Popova, 1972; Gurney, 1984). Assuming that concentrate 
spinels are derived from the disaggregation of mantle xenoliths, it is expedient to evaluate 
the relationship between pressure and the Cr * determined above against the presence of 
diamonds in the kimberlite from which the concentrate was derived. Spinels comprise 
approximately forty five percent of the Dokolwayo kimberlite concentrate. The majority 
(>95%) of these Dokolwayo spinels have Cr/(Cr+Al) >0.8, suggesting that most of these 
spinels are derived from pressures in excess of 40 kilobars and may be derived from well 
within the diamond stability field. Such a derivation for these concentrate spinels is 
consistent with the presence of diamonds and spinels as diamond inclusions at Dokolwayo 
(Daniels and Gurney, 1989). 
The Cr * of concentrate spinels from several other kimberlites in southern Africa (Figure 
9.1; Table 9.2) have been investigated to determine if the observations made on the 
Dokolwayo spinel concentrate are applicable to other kimberlite concentrates. The average 
Cr * for the chromium spinels for the respective kimberlites are presented in Table 9.2. 
The Rietfontein and Melton Wold kimberlites are both off-craton kimberlites and are non-
diamondiferous. The spinel concentrate from these two kimberlites are characterised by 
average Cr* < < 0.8. None of the spinels from these two kimberlites had Cr*>0.8, 
suggesting that spinels from these two kimberlites were derived from levels well above the 
diamond stability field. This is consistent with the absence of diamonds from these 
kimberlites. The Kao kimberlite in Lesotho is marginally within the boundary of the 
Kaapvaal Craton. The kimberlite is diamondiferous, but of low grade. The concentrate 
spinels from this kimberlite have an average cr* <0.8. However, approximately 46% of 
* the concentrate spinels from this kimberlite have Cr > 0.8, which is consistent with the 
presence of diamonds in the kimberlite. The concentrate spinels from the Finsch and 
Koffiefontein kimberlites are characterised by Cr * values similar to those observed at 
Dokolwayo, albeit slightly lower values. Both Finsch and Koffiefontein are diamond 
producing on-craton kimberlites. 
il 
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The presence of diamonds in kimberlites characterised by concentrates in which the 
chromium spinels have an average Cr * > 0. 8 and the absence or near absence· of diamonds 
from kimberlites characterised by concentrate spinels with an average Cr * < 0. 8 supports 
the relationship between pressure and the Cr *established from mantle-derived spinel-garnet 
peridotites in southern Africa. 
CONCLUSIONS 
1) Spinels and garnets coexist in mantle-derived peridotites to pressures in ex-cess of 50 
kbars and well into the diamond stability field. These high pressures are significantly in 
excess of the maximum pressure (18 kbar) predicted for the coexistence of spinel and 
garnet by experimental observations in the CMAS system. The results of this study suggest 
that observations based on CMAS experimental work could only be applied to chromium-
bearing assemblages with extreme caution. 
* 2) The Cr of mantle-derived chromium spinels coexisting with garnets increase with 
pressure and temperature. This trend in spinel compositions is in contrast to the 
observations of Irvine (1965) and Haggerty (1976, 1979). The critical factor influencing 
the composition of mantle-derived chromium spinels was found to be pressure and not bulk 
composition as suggested by Basu and MacGregor (1975). 
3) There is a close relationship between the Cr * of concentrate spinels and diamond 
content of the kimberlites. Concentrate spinels with Cr *(average)> 0. 8 appear to be 
associated with significantly diamondiferous kimberlites whereas values of ,.. 




MINERAL COMPOSITIONS OF SELECTED SPINEL-GARNET PERIDOTITES 
FROM SOUTHERN AFRICA. 
a) OLIVINE 
OXIDE GROUP I GROUP II GROUP III GROUP IV 
Si02 41.7 41.7 41.5 40.5 
Ti02 <0.03 <0.02 <0.03 <0.01 
Al203 <0.03 <0.01 0.03 <0.01 
Cr203 <0.03 0.02 0.06 <0.01 
FeO 4.47 7.53 5.18 8.77 
MnO 0.04 0.09 0.08 0.09 
MgO 54.7 50.4 52.3 50.93 
TOTAL 100.91 99.74 99.15 100.82 
Fo 95.6 92.3 94.7 91.2 
b) ORTHOPYROXENE 
OXIDE GROUP I GROUP II GROUP III GROUP IV 
Si02 57.3 57.8 57.7 57.3 
Ti02 <0.03 0.02 <0.03 <0.01 
Al203 2.25 0.80 0.85 1. 64 
cr2o3 0.44 0.29 0.67 0.40 
FeO 2.91 4.66 3.13 5.49 
MnO 0.06 0.09 0.06 0.12 
MgO 37.2 35.2 37.1 34.57 
cao 0.05 0.28 0.45 0.41 
TOTAL 100.24 99.14 99.99 99.93 
c) GARNET 
OXIDE GROUP I GROUP II GROUP III GROUP IV 
sio2 42.4 41.8 41.4 41.98 
Ti02 <0.03 0.06 <0.03 <0.01 
Al203 22.1· 21.3 16.5 22.51 
cr2o3 4.43 4.16 10.2 2.52 
FeO 5.25 7.83 4.68 7.97 
MnO 0.38 0.39 0.30 0. 41 
MgO 25.2 19.7 23.1 20.00 
cao 1. 36 5.41 3.93 5.25 
TOTAL 101.12 100.65 100.11 100.64 
d) SPINEL 
OXIDE GROUP I GROUP II GROUP III GROUP IV 
Si02 0.33 <0.02 0.20 <0.01 
Ti02 <0.03 0.40 0.05 0.19 
Al203 38.4 11.2 8.58 19.98 
Cr203 30.8 52.1 62.2 46.01 
Fe2o3* 1. 61 10.62 3.60 
FeO 6.59 13.54 9.41 20.03 
MnO 0.15 0.65 0.28 0.65 
MgO 20.3 13.3 15.06 13.04 
































(Nixon et al., 1987) 
(Lawless, 1978) 
(Danchin and Boyd, 1976) 
(Robey, 1981) 
TABLE 9.1 Mineral compositions characteristic of Groups 
I, II, II and IV spinel-garnet peridotites 























TABLE 9.2 Table of average Cr* calculated from 
concentrate spinels for kimberlites in 
southern Africa. Dokolwayo, Koffiefontein 
and Finsch are productive diamond mines. 
Kao has a very low grade. Both Rietfontein 
and Melton Wold are off-craton kimberlites 
and are non-diarnondiferous. 
CHAPTER 9- FIGURE CAPTIONS 
FIGURE9.1 
Locality map of selected kimberlites in southern Africa and their distribution with respect 
to the Kaapvaal Craton. 
FIGURE9.2 
Plot of CaO vs Cr203 (wt%) for garnets from spinel-garnet peridotites from several 
southern African kimberlites. 
FIGURE 9.3 
Plot of pressure versus the Cr/ (Cr+ Al) ratio (i.e. Cr *) of spinels for spinel-garnet 
peridotites from several southern African kimberlites. Pressures were calculated with the 
Nickel and Green (1985) garnet-orthopyroxene barometer. 
FIGURE9.4 
Plot of temperature versus Cr * of spinels for spinel-garnet peridotites from several 
southern African kimberlites. Temperatures were calculated with the O'Neill and Wood 
( 1979) garnet -olivine geothermometer. 
FIGURE9.5 
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CHAPTER 10 - OXYGEN FUGACITY CONSTRAINTS ON THE SOUTHER.c""l 
AFRICA:.'l' LITHOSPHERE 
AS TRACT 
Oxygen fugacities are calculated for olivine - spinel ± orthopyroxene assemblages 
recovered from diamonds and the concentrate of the Dokolwayo kimberlite. In addition, 
thermobarometric oxygen fugacities are obtained for chrome spinel-garnet peridotites and 
diamonds from several other southern African kimberlites. The southern African 
lithosphere appears to be laterally homogeneous with respect to oxygen~ fugacity. 
Vertically the oxygen fugacity of the lithospheric upper mantle decreases with an increase 
: .. 
in pressure. Locally, oxygen fugacities calculated for Dokolwayo mineral assemblages are 
indicative of an upper mantle characterised by diverse redox conditions within the range 
FMQ - IW. Reduced oxygen fugacities calculated for the majority of the Dokolwayo 
samples suggest that CH4 may . be the dominant carbon volatil~ species in the lower 
lithosphere. These reduced conditions also suggest that the Dokolwayo kimberlite is 
unlikely to be a product of redox melting, but may be the product of a thermal anomaly. 
·, 
Calculated equilibrium temperatures for olivine-spinel pairs from Dokolwayo diamonds and 
. fOncentrate indicate that the upper mantle in the vicinity of Dokolwayo was characterised 
by cool subsolidus conditions. 
ThlRODUCTION 
The oxidation state of the mantle is an important parameter, because together with 
temperature and pressure it strongly affects the nature of melts produced from a given 
source rock composition (Fisk and Bence 1980; Eggler 1983). In addition, several physical 
properties of the mantle, e.g. electrical conductivity, diffusivity and mechanical response to 
deformation, are dependent on the prevailing redox conditions (Duba and Shankland 1982). 
Furthermore, the oxygen fugacity of the mantle is a relevant parameter in geochemical 
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models for the accretion of the Earth's crust. core-separation and the evolution of redox 
conditions following the formation of the core-mantle system. The redox state of the 
mantle, together with temperature and pressure, also determines to what extent carbon 
exists as a mantle volatile species (e.g. CO, C02, CH4) or as elemental carbon, I.e. 
graphite or diamond (Rosenhauer et al. 1977; Deines 1980). 
Upper mantle redox conditions have previously been determined either by direct intrinsic 
measurements or upper mantle-derived spinel peridotites and megacryst assemblages 
(Ulmer et al. 1976, 1987; Arculus and Delano 1980, 1981; Arculus et al. 1984) or through 
thermobarometric calculations of upper mantle-derived olivine - orthopyroxene'" ... ilmenite, 
ilmenite-spinel and olivine-orthopyroxene-spinel assemblages (Eggler 1983; Haggerty and 
Tompkins 1983; Mattioli and Wood 1986, 1988; O'Neill and Wall 1987). Results obtained 
from the intrinsic oxygen methods have suggested significant ranges in mantle oxygen 
fugacities. However, some of the spread obtained from intrinsic methods may be due to 
autoreduction caused by carbon in mantle xenoliths or individual mineral species (Mathez 
et al. 1984; Virgo et al. 1988). 
The most common method used recently to determine oxygen fugacity conditions in the 
upper mantle is the thermobarometer developed by O'Neill and Wall (1987) and recently 
calibrated by Mattioli and Wood (1986, 1988). This method is based on the coexistence of 
' 
olivine, orthopyroxene and spinel in mantle xenoliths and allows for the calculation of 
oxygen fugacities and temperatures of the appropriate upper mantle assemblages. The 
formulations of O'Neill and Wall (1987) were derived from an evaluation of existing data 
on the thermodynamic properties of each mineral phase defining the equilibrium reaction: 
and were adopted in this study. The precision of the above method depends on 
uncertainties in temperature, pressure and the compositions of the constituent phases. For 
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typical peridotitic compositions and upper mantle temperatures and pressures. an error of 
± 100°C in assumed or calculated temperature produces an error of less than ±0.2 log 
JO],; ± 10 kbar in assumed pressure corresponds to ±0.5 log JOJ. at 1200°K (O'Neill and 
Wall 1987). The positions of the FMQ, WM and IW buffers in fO']_-T space were 
calculated at 30 and 50 kilobars pressure using the data of O'Neill (1987, 1988). 
The error introduced by uncertainties in the calculated mole fraction Fe:203 from 
microprobe analyses has received considerable attention (e.g. Dyar et al. 1989; Wood and 
Virgo 1989). The majority of the mineral compositions used in this study were determined 
by means of a Cameca Camebax-Microbeam microanalyser with an accelerating~voltage of 
15kV and a beam current of 40nA. The standards used for the spinel analyses were as 
follows: 
Si K-P Kakan ui - Pyrope 
Ti RUT Synthetic Rutile 
Al CHRO Chromite 52-NL11 
Fe ILMT Ilmenite, Ilmenite Mountains, USSR 
Mn RHOD Rhodonite 
Ca K-P Kakanui- Pyrope 
Cr Cr203 Pure Cr-oxide 
Data reduction was by Cameca ZAF (Henoc et al. 1973). By varying the calculated Fe3+ 
component of the spinels used in this study by 10%, a variation of ±0.2 log f02 at 30 
kbar was obtained for individual samples. These results are consistent with the results of 
Mattioli and Wood (1988). 
The Dokolwayo kimberlite which is situated in northeastern Swaziland close to the 
northeastern margin of the Kaapvaal Craton, has the isotopic character of a Group II 






Roddick 1984). Unlike the majority of kimberlites in southern Africa it predates the 
Stormsberg volcanism which in the vicinity of Dokolwayo is associated with the Lebombo 
Monocline. The emplacement age of the Stormsberg volcanics is not well established, but 
the best estimates are 193±5 My (Manton 1968; Fitch and Miller 1984). The kimberlite is 
geographically well separated from other established mines in southern Africa (Figure 
10.1) and affords the opportunity to investigate pre-Stormsberg upper mantle compositions 
and conditions on the northeastern margin of the Kaapvaal Craton. The compositions of 
the concentrate minerals and a number of the diamond inclusions from this locality were 
briefly described in Daniels and Gurney (1989). 
SAl\1PLES STUDIED 
The concentrate spinels ( +0.5 - 2 mm) were recovered from heavy mineral concentrates 
from the mine treatment plant. These spinels occasionally contain silicate inclusions, the 
majority of which are moderately to severely altered. However, a number of olivine 
inclusions (N = 14) and one orthopyroxene are euhedral in shape and in pristine condition. 
The diamond inclusion olivine - spinel ± orthopyroxene assemblages were recovered from 
~diamonds ( < 2mm) during a general study of Dokolwayo diamond inclusions. Great care 
was taken to select diamonds which were free of cracks leading to inclusions. The 
diamonds were cleaned in concentrated HF for 48 hours and the inclusions were extracted 
from the diamonds by ·mechanical crushing in an enclosed steel cracker. The analytical 
procedures are described above (Chapter 2). Representative compositions of the coexisting 
phases are presented in Table 1. 
Both the NiO contents (0.27 - 0.40 wt%) and the range of forsterite compositions (Fo 90.6 
- Fo 95.6) of the Dokolwayo olivines from the concentrate spinels and diamonds are within 
the range reported for olivines from Yakutian diamondiferous harzburgites and dunites 
(Sobolev et al. 1984) and diamond inclusions worldwide (Meyer 1985). 
C· 
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Most concentrate spinels carrying olivine and orthopyroxene inclusions have compositions 
within the overall field defined by Dokolwayo concentrate spinels (Figure 10.2), the 
compositions of the diamond inclusion spinels are typical of Dokolwayo diamonds as well 
as diamonds worldwide (Figures 10.3a and 10.3b). All the spinels containing olivine as 
inclusions have Cr/(Cr+ AI)> 0.8. 
Orthopyroxenes recovered from the Dokolwayo diamond (En 94.5) and the concentrate 
spinel (En 96.2) are similar in composition to diamond inclusion orthopyroxenes recovered 
from the Finsch, Roberts Victor and Premier kimberlites (Gurney et al. 1979, 1984, 1985). 
In addition to the Dokolwayo samples, calculated oxygen fugacities were also obtained for 
spinel-garnet peridotites from the Premier (Danchin and Boyd 1976), Bultfontein (Lawless 
1978), Hebron (Robey 1981), Monastery (Moore 1986) and Jagersfontein (Nixon et al. 
1987) kimberlites. The Cretaceous Bultfontein and Proterozoic Premier kimberlites are 
situated well within the Kaapvaal Craton whereas the Monastery kimberlite is close to the 
eastern margin of the craton. The Jagersfontein kimberlite is situated on but close to the . ~ ; 
southwestern margin of the craton and the Hebron kimberlite is off the western margin of 
the craton (Figure 10.1). The garnets from these xenoliths, excluding those from Premier 
and Jagersfontein, are characterised by lherzolitic compositions (Figure 10.4). The 
xenoliths from Premier (RVD 183) and Jagersfontein (PHN 2818b) contain minerals with 
compositions similar to subcalcic peridotite-suite diamond inclusions on a generalized 
worldwide basis. Xenolith RVD 183, although not containing any form of elemental 
carbon, has been suggested to be a potential source rock of diamonds at Premier (Gurney et · 
al. 1985). 
Oxygen fugacities were also calculated for olivine - spinel ± orthopyroxene assemblages 





(Botswana) and Star kimberlites (Gurney et al. 1979, 1984; Rickard et al. 1989; Hill 
1989). 
RESULTS AND DISCUSSION 
Where orthopyroxene was not present in the samples studied, the compositions of an 
orthopyroxene coexisting with spinel and olivine in a diamond from Dokolwayo (DI 362) 
and an orthopyroxene found as an inclusion in a concentrate spinel (DCO 70; Table 10.1) 
have been used in these calculations to determine the activity of Si02. If orthopyroxene is 
indeed absent and these samples represent a dunitic and not a harzburgitic or lherzolitic 
assemblage, then ·very low Si02 activities can be assumed. Such low SiD2 activities 
suggest that any oxygen fugacity estimate from the olivine - spinel pairs is an upper, more 
oxidized limit (O'Neill, 1988, pers. comm.). The sensitivity of the formulation used to 
calculate oxygen fugacity has been tested for the Dokolwayo samples during this study. It 
was found that a change in orthopyroxene composition from En 92 to En 96 resulted in an 
error of < 0.2 log f02 for any given olivine - spinel pair. 
Equilibrium pressures for the peridotites were calculated using the garnet-orthopyroxene 
barometer of Nickel and Green (1985). The lherzolitic xenoliths are characterised by 
equilibrium pressures of 24-38 kbars and the harzburgitic xenoliths have equilibrium 
pressures in excess of 50 kbars. It is assumed that the diamonds crystallized at a minimum 
pressure of 50 kilobars. Unfortunately, there are no geobarometers currently available to 
calculate equilibrium pressures for the Dokolwayo concentrate assemblages. However, the 
high Cr/(Cr+Al) ratios (>0.8) of these concentrate spinels suggest that they are derived 
from pressures in excess of 40 kbars (Chapter 9). 
The equilibrium temperatures for all the samples are calculated using the olivine-spinel 
geothermometer of O'Neill and Wall (1987). The lherzolitic xenoliths were characterised 
by a large range in temperatures (824 oc - 1076°C). The difference in equilibrium 
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temperatures between the two harzburgitic xenoliths is -150°C. The range in temperatures 
calculated for the concentrate assemblages extends over approximately 300°C (Table 10.2). 
The largest range in equilibrium temperatures was calculated for the diamond inclusions. 
This range of temperatures determined for the diamonds (e.g. K22=855°C; 
RV29 = 1363 o C) is consistent with equilibrium temperatures calculated from silicate 
diamond inclusions at the respective localities (Gurney et al. 1979; Rickard et al. 1989). 
The lherzolitic xenoliths are all confined to a narrow range of oxygen fugacities between 
FMQ and WM at 30 kbars (Figure 10.5). Calculating oxygen fugacities for the 
Dokolwayo concentrate at a constant pressure of 30 kbars produces a significantly wider 
range in oxygen fugacities (6 log units, Figure 10.5) than obtained from the lherzolitic 
xenoliths. When calculated at the same pressure of 30kb the concentrate is characterised by 
fffl' s from FMQ to approaching IW. With the exception of six concentrate spinels from 
Dokolwayo, all the lherzolitic xenoliths and the concentrate mineral pairs were calculated 
to have oxygen fugacities more oxidized than WM. 
At the more probable pressure of 50kb the Dokolwayo concentrate olivine-spinel pairs also 
cover a wide ·range of oxygen fugacities of 5. 7 log units from slightly more reduced than 
FMQ to slightly more oxidized than IW (Figure 10.6). A particular feature of the 
concentrate spinels is a subgroup characterised by a narrow range in temperature (1024 oc -
108]0C) and a wide range of > 3 log units in oxygen fugacity. The majority of the 
concentrate olivine-spinel pairs have oxygen fugacities less than WM at 50 kbar. All the 
inclusions from diamonds plot below WM at 50 kbar. The harzburgite from Jagersfontein 
plots at similar f02 to the diamonds from Star and Koffiefontein as well as two concentrate 
spinels from Dokolwayo. The Premier xenolith is characterised by f02-T conditions 
similar to diamonds from Jwaneng and Finsch. Both the Premier and Jagersfontein 
harzburgites are more reduced than WM. One of the Dokolwayo concentrate spinels and 
inclusions from two of the Roberts Victor diamonds have very similar log f02 values. 
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Inclusions from Dokolwayo diamonds are amongst the most reduced samples studied and 
plot close to IW (Figure 10.6). 
The oxygen fugacities determined for the lherzolitic spinel-garnet peridotites are confined 
between FMQ and WM [30 kbar] (Figure 10.5). This observation is in agreement with the 
results obtained for Lesotho xenoliths by.O'Neill and Wall (1987). However, the xenoliths 
in this study have a much wider geographical distribution with respect to the Kaapvaal 
Craton. It may be inferred that the lithosphere within the stability field of coexisting 
• 
lherzolitic garnet and chromium spinel, both on and off the Kaapvaal Craton in southern 
Africa is characterised by f02 conditions between FMQ and WM [30 kbar]. The stability 
of coexisting lherzolitic garnet and chromium spinel is considered to be unlikely at 
pressures in excess of 40 kbars (Nickel 1986). 
The low oxygen fugacities calculated for the diamond inclusion assemblages, together with 
the wide geographical distribution across the Kaapvaal Craton of the kimberlites from 
which the diamonds are derived (Figure 10.1) suggest that reduced mantle conditions (J02 
< WM [50 kbar]) within the diamond stability field are not a localized phenomenon, but 
may be the norm in the deeper parts of the craton. It is of interest to note that the two. 
spipel-garnet peridotites that are characterised by mineral compositions and equilibrium 
pressures and temperatures similar to those found in subcalcic harzburgitic-suite diamonds 
are distinctly more reduced than their lherzolitic counterparts at the appropriate pressure 
considerations and plot at similar !01-T conditions as the diamonds (Figure 10.6). 
The !01-T conditions calculated for the Dokolwayo concentrate olivine-spinel pairs cover a 
wide range of oxygen fugacities and temperatures. This wide range in oxygen fugacities 
determined for the concentrate suite at both 30 and 50 kbar is approximately 15 times the 
maximum error calculated at 30 kbar by varying the Fe3 + component of the spinels by 
± 10% . The observed f02 range is considered to be real and not an artefact of the 
analytical technique used. 
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The similarity in the range of fffl-T conditions between the diamonds and a number of the 
Dokolwayo concentrate olivine-spinel pairs, together with the high Cr/(Cr+ Al) ratios of 
the concentrate spinels (Chapter 9) suggest that a significant proportion of the concentrate 
spinels may be derived from within the reduced diamond stability field. 
The major species in a C-0-H fluid under upper mantle temperatures and pressures will be 
almost entirely C02 ± H20 at all oxygen fugacities at or above WM (Ryabchikov et al. 
1981; Woermann and Rosenhauer 1985). However, with increasingly reducing conditions 
between the WM and IW buffers for fluids carrying abundant H as well as C, the dominant 
carbon volatile species will change from C02 to CH4 (Taylor and Green 1989). Th~ 
position of the graphite - C02 - CO buffer (GCO) and the maximum mole water fraction 
(GW) in a peridotite-C-O-R system at upper mantle temperatures and pressures (Taylor and 
Green 1989) were calculated at 30 and 50 kbar pressure and 800°C and 1400°C and are 
presented in Figures 10.5 and 10.6. At 30 kbar pressure only one xenolith from 
Bultfontein (Lawless, 1978) and one concentrate mineral pair from Dokolwayo appears to 
be derived from an area where C02 is the dominant carbon volatile species. The majority 
of the xenoliths and the concentrate mineral pairs plot at fffl' s below the GCO buffer, but. 
above GW. Five of the Dokolwayo concentrate pairs plot at f02's below both GW and 
WM. 
The f02 conditions calculated at 50 kbar pressure for all the diamonds and harzburgites 
and all but one of the concentrate mineral pairs indicate oxygen fugacities below GW. The 
oxygen fugacities calculated for the diamond inclusions and for the majority of the 
Dokolwayo concentrate spinels therefore suggest that they were derived from a reduced 
area in the upper mantle which was characterised by fluids in which CH4 and not C02 is 
the dominant carbon volatile species. 
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A comparison between the oxygen fugacities obtained from the lherzolitic spinel-garnet 
peridotites and those calculated from diamond inclusions (Figures 10.5 and 10.6) suggests 
that there is a vertical zonation within the lithosphere with respect to redox conditions. 
This is indicated by the generally higher oxygen fugacities between FMQ and WM 
obtained from the shallower spinel-garnet lherzolites and the more reduced oxygen 
fugacities, WM to rW, obtained from the high pressure diamonds. The results of this study 
strongly suggest that there is a tendency to a more reduced environment with an increase in 
depth. Haggerty and Tompkins (1983) and Haggerty and Erlank (1987) have suggested a 
similar trend for oxygen fugacities in the upper mantle. 
In a reduced volatile-saturated peridotite-C-O-R system at pressures above 25 kbar, small 
additions to the fluid of Cf4 will result in the solidii showing lcJge temperature shifts away 
from the water-saturated solidus (Taylor and Green 1988). For methane-bearing fluids 
with aH20< 0.9 the peridotite solidii lie at temperatures above the estimated stable 
continental geotherm. The equilibrium temperatures determined for the Dokolwayo 
mineral pairs (Table 10.2) are also indicative of solidus temperatures in a mantle with 
gH20<0.85 (Figure 10.7). It may be argued that the temperatures determined from the 
concentrate olivine-spinel pairs are representative of ambient temperatures in the upper 
mantle prior to incorporation in the kimberlite, and that these minerals may have 
equilibrated metamorphically in an open system from much higher original magmatic 
temperatures. However, diamonds are considered to be chemically inert with respect to 
diffusion into the diamond by major elements and it is thus assumed that the minerals 
included by diamonds reflect the prevailing conditions at the time of diamond 
crystallization. The f02-T conditions determined from the Dokolwayo diamond inclusions, 
therefore, suggest that these diamonds crystallized under reduced subsolidus conditions. 
Extending this argument to the diamonds with olivine-spinel inclusion pairs from other 
southern African localities discussed above, it is suggested that this particular suite of 
diamonds represent subsolidus crystallization in general and that they are xenocrysts in the 
kimberlite. 
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The !01-T conditions calculated for the Dokolwayo diamonds and the majority of the 
concentrate spinel-olivine pairs suggest that the deep lithosphere beneath Dokolwayo was 
characterised by reduced conditions and cool (900°C - 1270°C) subsolidus temperatures 
prior to incorporation in the kimberlite. The presence of a cool, reduced lithosphere at 
depth holds implications for the genesis of the Dokolwayo kimberlite. Kimberlite 
magmatism involving reduced C-0-H fluids is restricted to regions of subcontinental 
mantle where there is a significant thermal perturbation or, alternatively, where a CH4-rich 
fluid undergoes appreciable oxidation, e.g. by interaction with high f02 regions in the 
lithosphere (Taylor and Green 1988). However, if the lower lithosphere is reauced and 
cool, as indicated by the presence of diamonds and the ambient temperatures determined 
from the Dokolwayo concentrate olivine-spinel pairs, then it is unlikely that the Dokolwayo 
kimberlite is the result of oxidation induced melting in the lithosphere. In the absence of 
conditions that would induce redox melting (Taylor and Green 1988) in the lithosphere to 
account for the lithospheric isotopic signature of the Dokolwayo kimberlite (Allsopp and · 
Roddick 1984) ·the most likely cause for kimberlite magmatism would be input of thermal 
energy. On the basis of isotopic and trace element data, le Roex (1986) has suggested that 
the Group II kimberlites in southern Africa may be related to asthenospheric hotspots with 
geochemical characteristics similar to those of the Dupal anomaly in the Southern Atlantic 
(Hart 1984). These hotspots appear to have a major recycled component in their source 
regions (le Roex 1986). Such a hotspot could account for the isotopic character of the 
Dokolwayo kimberlite. 
SUMMARY AND CONCLUSIONS 
1. The redox conditions of the lithosphere within the stability field of coexisting lherzolitic 
garnets and chromium spinels in southern Africa are predominantly bound by the FMQ and 
WM buffers where CD2, and H20 are the dominant volatile species. 
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2. The inclusions of olivine- spinel ± orthopyroxene from Dokolwayo diamonds and other 
southern African diamonds are more reduced lying between WM and IW. 
3. Two garnet-spinel harzburgite xenoliths, from Premier and Jagersfontein mines, lie 
within the same reduced field. 
4. Oxygen fugacities calculated from the concentrate olivine - spinel ± orthopyroxene 
assemblages from the Dokolwayo kimberlite indicate that they have been derived from an 
upper mantle characterised by a wide range of redox conditions mainly in the range 
between WM and IW, but also above WM. 
5. The present evidence indicates that the lithosphere of the Kaapvaal Craton may be 
vertically zoned with respect to oxygen fugacity, the deeper parts being more reduced than 
the shallower parts, as suggested by Haggerty and Tompkins (1983) and Haggerty and 
Erlank (1987). However, considering the geographical distribution of the kimberlites from 
which the lherzolites and the diamonds were recovered, the lithosphere may laterally be 
-
relatively homogeneous in oxygen fugacity. This lateral homogeneity is consistent with the 
observations made by O'Neill and Wall (1987) for the lithosphere beneath Western Europe 
and Eastern Australia. 
6. The observed vertical zonation in oxygen fugacities is closely linked to the distribution 
of volatile species in the upper mantle. The results of this study suggest that at 30 kilobars 
pressure H20 is more dominant than C02·· At 50 kilobars pressure in the upper mantle it 
would appear that if any volatiles are present then CH4 would be the dominant species. 
Additional evidence to this effect is the presence of Dokolwayo concentrate spinels with 
possible divalent chromium (Daniels and Gurney 1989), indicative of highly reduced 
conditions. 
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7. The subsolidus temperatures calculated from the olivine-spinel diamond inclusions from 
several southern African kimberlites strong! y suggests that diamonds with spinel inclusions 
are not cogenetic with the kimberlites, but are xenocrystic, which is consistent with the 
observations of Richardson et al. (1984). 
Table 10.1 Dokolwayo concentrate spinel-olivine-orthopyroxene 
assemblages 
DCO 7 DCO 7 DCO 21 DCO 21 DCO 26 DCO 26 
Olv Spn Olv Spn Olv Spn 
Si02 41.59 0.01 39.52 0.01 40.33 0.01 
Ti02 0.01 0.67 0.01 2.49 0.01 1. 63 
Al203 0.01 8.32 0.01 3.59 0.01 3.87 
Cr203 0.01 58.33 0.01 61.37 0.06 65.09 
Fe203 6.58 4.20 0.87 
FeO 4.95 10.09 9.20 14.40 5.76 14.43 
MnO 0.0 10.20 0.15 0.36 0.08 0.20 
MgO 53.28 15.27 49.71 12.95 52.65 12.40 
cao 0.01 0.01 0.01 0.01 0.03 0.01 
NiO 0.36 0.11 0.35 0.08 0.33 0.09 
TOTAL 100.23 99.59 98.97 99.46 99.26 98.60 
DCO 34 DCO 34 DCO 38 DCO 38 DCO 70 DCO 70 
Olv Spn Olv Spn Opx Spn 
Si02 40.50 0.01 41.26 0.01 57.91 0.01 
Ti02 0.01 0.01 0.01 1.38 0.01 0.12 
Al203 0.01 9.48 0.01 2.08 0.41 7.77 
Cr203 0.08 62.10 0.04 66.45 0.43 65.04 
Fe203 1.19 3.19 2.55 
FeO 5.77 12.63 5.51 12.48 2.65 10.00 
MnO 0.07 0.21 0.01 0.21 0.01 0.20 
MgO 53.01 13.32 53.02 13.45 37.86 15.06 
cao 0.01 0.01 0.01 0.01 0.27 0.01 
Na2o 0.06 0.01 
K20 0.01 
NiO 0.40 0.07 0.04 0.10 0.01 
TOTAL 99.86 99.03 99.91 99.36 99.62 100.78 
TABLE 10.2 - Equilibration temperatures for Dokolwayo 
- olivine mineral pairs. 
SAMPLE NO Temp ( OC) Temp ( °C) 
(30 Kbars) (50 Kbars) 
DCO 7 1036 1072 
DCO 21 1219 1257 
DCO 22 1050 1084 
DCO 25 1053 1087 
DCO 26 923 954 
DCO 28 1011 1044 
DCO 31 990 1024 
DCO 33 1023 1056 
DCO 34 907 938 
DCO 37 1009 1043 
DCO 38 1029 1061 
DCO 61 999 1031 
DCO 62 1012 1045 
DCO 67 1034 1068 
DI 310 1225 1266 
DI 362 1043 1081 
All temperatures are calculated by the method 
Wall (1987). 
DCO = Dokolwayo heavy mineral concentrate 




CHAPTER 10 - FIGURE CAPTIONS 
FIGURE 10.1 
LOcality map of selected kimberlites in southern Africa and their distribution with respect 
to the Kaapvaal Craton. 
FIGURE 10.2 
Plot of MgO versus Cr203 (wt%) for Dokolwayo concentrate spinels showing the 
compositional relationship between the concentrate spinels with inclusions (*) and the 
Dokolwayo concentrate spinel population as a whole. 
FIGURE 10.3 
Plot of MgO versus Cr203 (wt%) demonstrating the relation~hip between (A) the 
Dokolwayo diamond inclusion spinels used in this study ( +) and the Dokolwayo diamond 
inclusion spinel population and (B) between the Dokolwayo diamond inclusion spinel 
population and diamond inclusions world wide. 
FIGURE 10.4 
Plot of CaO versus Cr203 (wt%) for garnets from spinel-garnet peridotites from several 
southern African kimberlites. Symbols are carried through to Figure 10.5. 
FIGURE 10.5 
Southern . African lithospheric oxygen fugacities recorded by olivine-spinel ± 
orthopyroxene assemblages from kimberlite concentrate (c) and spinel-garnet lherzolites 
relative to the QFM buffer and plotted against temperature. Oxygen fugacities and 
temperatures were calculated using the formulations of O'Neill and Wall (1987). Also 
shown is the position of some common oxygen buffers. A pressure of 30 kilobars was 
assumed for all mineral assemblages and buffer curves. 
FIGURE 10.6 
Southern African lithospheric oxygen fugacities recorded by olivine-spinel ± 
orthopyroxene assemblages from diamonds (*), kimberlite concentrate (c) and spinel-garnet 
harzburgites (x) relative to the QFM buffer and plotted against temperature. Oxygen 
fugacities and temperatures were calculated using the formulations of O'Neill and Wall 
(1987). Also shown is the position of some common oxygen buffers. A pressure of 50 
kilobars was assumed for all mineral assemblages and buffer curves. J = Jwaneng; Ja = 
Jagersfontein; K = Koffiefontein; R = Roberts Victor; S = Star; P = Premier; F = 
Finsch; D = Dokolwayo. 
FIGURE 10.7 
Pressure and temperature projection of the P-T-aH20 solidus surface for the system 
peridotite-C-O-R (graphite/diamond present). Solidi for H20 activities of -o, 0.35, 0. 70, 
0.85 and the H20 maximum are shown. CG: Continental Geotherm; G: Graphite; D: 
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OXYGEN FUGACITY CONSTRAINTS ON THE SOUTHERN AFRICAl~ 
LITHOSPHERE: ADDENDUM 
INTRODUCTION 
Daniels and Gurney (1991) reported oxygen fugacities for olivine- spinel ± orthopyroxene 
assemblages in lherzolites, harzburgites, diamonds and concentrate from several southern 
African kimberlites. The method used by these authors to calculate oxygen~ fugacities 
(j~ 's) was the thermodynamically derived oxybarometer of O'Neill and Wall (1987). 
Recently Ballhaus et al. (1990, 1991) equilibrated synthetic spinel harzburgite and • 
lherzolite assemblages between 1040°C and 1300°C and 3 to 27 kilobars under controlled 
f~. A semi-empirical oxygen barometer in terms of divergence from the fayalite -
magnetite - quartz (FMQ) buffer was derived through a linear least squares fit to the 
experimental data. Ballhaus et al. (1990, 1991) suggested that the O'Neill and Wall (1987) 
formulations (1) underestimate f02 by about two log units at the magnetite-hematite buffer 
(MH) and (2) the corrections for Cr-Fe3+ size mismatch are too small resulting in Cr-
spinels calculating up to 1.5 log units lower than Al-spinels at a given observed f~. The 
data of Daniels and Gurney (1991) have been recalculated using the semi-empirical 
formulations of Ballhaus et al. (1991), both for f02 and temperature. The positions of the 
FMQ, WM and IW buffers in f~-T space were calculated at 30 and 50 kilobars pressure 
using the data of O'Neill (1987, 1988). The positions of the graphite -C~ - CO buffer 
(GCO) and the maximum mole water fraction (GW) in a peridotite-C - 0 - H system at 
upper mantle temperatures (Taylor and Green, 1989) are also presented. 
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SAMPLE DESCRIPTIONS AND LOCALITIES 
Oxygen fugacities were obtained for: 
1) Garnet-spinel lherzolites from the on-craton Bultfontein, Monastery and Schuller 
kimberlites (Lawless, 1978; Moore, 1986; De Bruin, 1991). 
2) Garnet-spinellherzolites from the off-craton Hebron kimberlite (Robey, 1981). 
3) Subcalcic garnet-spinel harzburgites from the Premier (Danchin and Boyd, -1976) and 
Jagersfontein (Nixon et al., 1987) kimberlites. 
4) Olivine-spinel diamond inclusion pairs from the Finsch, Roberts Victor, Koffiefontein, 
Jwaneng (Botswana), Star and Dokolwayo (Swaziland) kimberlites (Gurney et al., 1979, 
1984; Hill, 1989; Rickard et al., 1989; Daniels and Gurney, 1991). 
5) Macrocryst concentrate spinels with olivine inclusions from the Dokolwayo kimberlite 
(Figure 1 OA .1; Daniels and Gurney, 1991). 
RESULTS 
The lherzolitic xenoliths are all confined within a narrow range of oxygen fugacities around 
FMQ (30 kbar; Figure 10A.2). The majority of these xenoliths have calculated oxygen 
fugacities immediately above FMQ, but are more reduced than the GCO buffer. The most 
oxidized xenolith is from Bultfontein with an oxygen fugacity of 1.45 log units above 
FMQ. Lherzolites from the Monastery and Hebron kimberlites, on and off the Kaapvaal 
craton respectively, have similar oxygen fugacities. Only one lherzolite from Schuller is 
more reduced than GW. 
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The concentrate spinel-olivine pairs from the Dokolwayo kimberlite span both a wide range 
in temperatures C300°C) and in oxygen fugacity (5.8 log units). However, the range in 
oxygen fugacities relative to FMQ is only in the order of 4.3 log units. Two of the 
concentrate pairs approach the WM buffer and are more reduced than GW. AT 30 kilobars 
the majority of the Dokolwayo concentrate assemblages are more oxidized· than GCO. 
However, the high Cr\(Cr+ Al) ratios ( > 0.8) of these concentrate spinels suggests that 
they are derived from pressures well in excess of 40 kilobars (Chapter 9). 
At 50 kilobars the Dokolwayo concentrate spinel-olivine pairs cover a wide range of 
oxygen fugacities of 5. 5 log units from more oxidized than FMQ to WM (Figure 10A.3). 
Excepting one, all the concentrate pairs are more reduced than the GCO buffer. All the 
inclusions from diamonds and the subcalcic harzburgites from Jagersfontein and Premier 
are more reduced than FMQ and GCO. One of the Dokolwayo diamonds (DI 310) is more 
reduced than WM. The other Dokolwayo diamond (DI 362), the harzburgite from 
Jagersfontein and two concentrate spinel-olivine pairs from Dokolwayo are more reduced 
than GW. 
DISCUSSION 
Calculating oxygen fugacities with the use of the oxygen barometer of Ballhaus et al. 
(1990, 1991) suggest that the southern African lithosphere is more oxidized than initially 
estimated by Daniels and Gurney (1991) when using the formulations of O'Neill and Wall 
(1987). The 'present results indicate that the Kaapvaallithosphere within the stability field 
of coexisting lherzolitic garnet and chromium spinel, both on and off the craton is in 
general slightly more oxidized than FMQ, but more reduced than GCO. It is unlikely that 
lherzolitic garnets and chromium spinels coexist at pressures in excess of 40 kilobars 
(Nickel, 1986). 
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The oxygen fugacities calculated for the diamond inclusion assemblages are generally more 
reduced with reference to FMQ than the f02 Is calculated for the lherzolites. The 
similarity between the f~ conditions calculated for the subcalcic harzburgites and 
diamond inclusions is consistent with the observations of Daniels and Gurney (1991) that 
reduced conditions may prevail in the deeper parts of the Kaapvaal craton and that the 
craton may be progressively more reduced with depth. In an oxidized mantle near FMQ, 
diamond is not a stable phase above 50 kilobars on the continental geotherm and fluids are 
H20-C02 mixtures (Taylor and Green, 1989). Significantly, all the diamonds used in this 
study have estimated f~ Is more reduced than GCO and FMQ at 50 kilobars, suggesting 
the presence of elemental carbon and CH4, and not C02, as the main carbon~.species at 
these depths over large parts of the Kaapvaal Craton. 
The spinel-olivine concentrate pairs from the Dokolwayo kimberlite covers a range of 
f~ 'sin excess of 4 log units relative to FMQ. The presence of concentrate spinels that 
are deficient in Fe3+ and may contain c~+ (Table 10a.1; Daniels and Gurney, 1989) 
suggests that the mantle sampled by the Dokolwayo kimberlite may be reduced as low as 
IW and that the total range in mantle oxygen fugacities at this locality far exceeds four log 
units 102. It should be noted that the presence of C~ + in spinels does not imply that Fe 
should be present in its native state. Reduction potentials indicate that Cr3 + will reduce to 
C~ + before Fe2 + reduces to native iron. It is likely that the transition of C~ + to C~ + 
occurs at the IW buffer. An oxygen fugacity range of four log units in the upper mantle 
cannot be reconciled with a single buffer reaction such as FMQ or GCO (BaUhaus et al., 
1990). One alternative to single buffer reactions in the mantle is sliding Fe2+ /Fe3+ 
equilibria. However, while Fe2 + /Fe3 + equilibria do provide effective f~ buffering 
above -FMQ+ 1, they are inefficient below FMQ (BaUhaus et al., 1990). The majority of 
the samples from Dokolwayo and from the Kaapvaal craton as a whole is more reduced 
than FMQ+ 1 (Figures 10A.2, 3) which suggests that Fe2+ /Fe3+ equilibria does not act 
as an efficient buffer in the Kaapvaal craton, particularly at depth. 
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One of the Dokolwayo diamonds (DI362) and two of the concentrate spinel-olivine pairs 
are more reduced than GW at 50 kilobars which implies that CH4 is the dominant carbon 
volatile species in parts of the mantle below Dokolwayo. The presence of CH4 in the 
mantle is consistent with the estimated f02 conditions for the subcalcic harzburgite from 
Jagersfontein. In contrast, a concentrate spinel-olivine mineral pair from Dokolwayo has 
an estimated f02 > FMQ+ 1, suggesting the absence of elemental carbon and that C02 is 
the dominant carbon volatile species. 
The wide range in oxygen fugacities from Dokolwayo indicates that the mantle is poorly 
buffered. In the absence of a single operating oxygen buffer or Fe2 + /Fe3 +~equilibria 
control on oxygen fugacity in the mantle it is suggested that an open-system buffering 
(Ballhaus et al., 1990) through pervasive C-H -0 degassing prevails. 
Daniels and Gurney (1991) have argued that the diamonds with spinel inclusions are 
xenocrysts in the kimberlites. Elsewhere it has been shown that peridotitic diamonds may 
be Archaean in age (Richardson et al., 1984). A detailed study of the geology of 
Swaziland suggests that the extrusion of the 3.5 billion year old Onverwacht Volcanics was 
the last major melting event affecting the mantle prior to the eruption of the Jurassic 
Dokolwayo kimberlite. It is therefore likely that the Dokolwayo kimberlite sampled the 
residue of an Archaean melting event. The spinel-olivine inclusions from the Dokolwayo 
diamonds are essentially derived from chemically "closed" systems since the diamonds are 
impermeable to major element re-equilibration. In contrast, the concentrate spinel-olivine 
pairs can be viewed as "open" systems which re-equilibrate to accommodate changes in 
prevailing conditions in the mantle and may therefore be a record of changing conditions in 
the mantle from the Archaean to the Jurassic. Both the concentrate spinels and the 
diamonds from Dokolwayo are derived from pressures in excess of 45 kilobars (Kennedy 
and Kennedy, 1976; Chapter 9). The similarity in f02's and temperatures calculated for 
the Dokolwayo diamonds and some of the associated concentrate mineral pairs suggests that 
parts of the mantle may not have changed significantly in 102-T conditions from the 
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Archaean to the Jurassic. This observation is consistent with the preservation of diamonds 
in the lithosphere until sampled by the Dokolwayo kimberlite. 
SUMMARY AND CONCLUSIONS 
1. Oxygen fugacities calculated form spinel-olivine mineral pairs using the semi-empirical 
formulations of Ballhaus et al. (1990, 1991) suggest a significantly more oxidized Kaapvaal 
lithosphere than f02's calculated with the thermodynamically derived method of O'Neill 
and Wall (1987). 
2. Recalculating the data of Daniels and Gurney (1991) using the formulations of Ballhaus 
et al. (1990; 1991) indicates that within the stability field of garnet-spinellherzolites redox 
conditions in the lithosphere are generally slightly more oxidized than FMQ. 
3. Oxygen fugacities from spinel-olivine inclusions from southern African diamonds and 
from subcalcic garnet-spinel harzburgites suggest more reduced conditions from 
fD2 < QFM to f02 < WM at 50 kilobars. All these assemblages are more reduced than 
GCO and may have fD2 < GW. At pressures in excess of 50 kilobars CH4 and elemental 
carbon and not CD2 is the dominant carbon species. 
4. The wide geographical distribution of the kimberlites from which these diamonds and 
xenoliths are derived is consistent with the suggestion of Daniels and Gurney 1991 that 
laterally the Kaapvaal lithosphere may approach homogeneity with respect to f02 while 
there appears to be a general decrease in fD2 with an increase in pressure. 
5. Locally the f02 of the lithosphere may vary by >4 log units, thus eliminating f02 
control by single buffer reactions. The reduced nature of the Kaapvaallithosphere at depth 
ifD2 <QFM) suggests that Fe2 + /Fe3+ equilibria do not provide effective f02 buffering. 
It is suggested that an open-system buffering through pervasive C-H-0 degassing prevails. 
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6. A single kimberlite may sample areas of the lithosphere where CH4 and C02 are 
respectively the dominant carbon volatile species. This is the case for the Dokolwayo 
kimberlite. 
7. The fffl-T conditions of the Kaapvaal lithosphere may not have changed significantly 
from the Archaean until it was sampled by the Dokolwayo kimberlite. 
TABLE 10A.1 
SAMPLE NUMBER 
CHR-35 CHR-35* CHR-54 CHR-54* CHR-76 CHR-76* 
OXIDE (Weight Percent) 
Ti02 . 1. 06 1. 06 0.13 0.13 N.D N.D. 
Al203 3.46 3.46 2.64 2.64 1. 01 1.01 
cr2o 3 68.19 67.72 71.47 69.89 73.87 72.58 
FeO 14.05 14.05 13.07 13.07 12.69 12.69 
Mno 0.24 0.24 0.24 0.24 0.27 0.27 
MgO 12.03 12.03 11.28 11.28 11.58 11.58 
NiO 0.14 0.14 N.D. N.D. N.D. N.D. 
CrO - 0.46 - 1. 62 - 1. 34 
TOTAL 99.17 99.16 98.83 98.87 99.42 99.47 
* Recalculated analyses. 
N.D. Not Detected 
Table 10A.1: Analyses of selected Dokolwayo concentrate 
spinels deficient in Fe3+ and divalent 
cations with recalculated analyses 
-reflecting possible cro concentrations. 
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CHAPTER 10 ADDENDUM- FIGURE CAPTIONS 
FIGURE lOA.l 
Locality map of selected kimberlites in southern Africa and their distribution with respect 
to the Kaapvaal Craton. 
FIGURE 10A.2 , 
Southern African lithospheric oxygen fugacities recorded by olivine-spinel ± 
orthopyroxene assemblages from the Dokolwayo kimberlite concentrate (c) and spinel-
garnet peridotites plotted against temperature. Oxygen fugacities and temperatures were 
calculated using the formulations of Ballhaus et al. (1990, 1991). Also shown is the 
position of some common oxygen buffers (QFM, WM, ~, GCO and GW). A pressure of 
30 kilo bars was assumed for all mineral assemblages and buffer curves. 
FIGURE 10A.3 
Southern African lithospheric oxygen fugacities recorded by olivine-spinel ± 
orthopyroxene assemblages from diamonds (*), kimberlite concentrate (c) and spinel-garnet 
harzburgites (x, RVD 183 and PHN 2818b) plotted against temperature. Oxygen fugacities 
and temperatures were calculated using the formulations of Ballhaus et al. (1990, 1991). 
Also shown is the position of some common oxygen buffers (QFM, WM, IW, GCO and 
GW). A pressure o( 50 kilobars was assumed for all mineral assemblages and buffer · 
curves. J = Jwaneng; Ja = Jagersfontein; K = Koffiefontein; R = Roberts Victor; S = 
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